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A RE-EXAMINATION OF PSITTACOSAURUS LUJIATUNENSIS USING MODERN
TECHNIQUES
Brandon P. Hedrick
Peter Dodson
Psittacosaurus is one of the most specimen-rich dinosaurs known, and the large number
of specimens provides a unique opportunity to better understand dinosaurs at the specific
level through quantitative statistical analyses as well as qualitative primary description.
Intraspecific diversity in dinosaurs is little known as the majority of dinosaurs are based
on single, often incomplete specimens. In this dissertation Psittacosaurus is examined
using geometric morphometrics, qualitative osteological description, traditional
morphometrics, and bone histology. Geometric morphometric analyses demonstrate that
taphonomic postmortem distortion drives the location in morphospace of each specimen
and obscures true biologic shape, making assessments of intraspecific and ontogenetic
variability in P. lujiatunensis difficult. Comparisons with a modern, undeformed dataset
show that taphonomic deformation can account for up to 30% of observed shape
variation in P. lujiatunensis. These studies demonstrate that taphonomy is a critical factor
to consider in geometric morphometric-based studies of shape changes in fossil
organisms. I also examine a small monospecific deposit that includes a large
Psittacosaurus specimen and twenty-four juveniles, and describe it using osteological,
histologic, and taphonomic methods to elucidate morphological and microstructural
changes that occur during Psittacosaurus ontogeny as well as determine the burial history
of the deposit. Finally, though this particular bonebed assemblage has been interpreted as
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a possible nesting structure, I provide taphonomic evidence, including petrographic thin
sections and x-ray diffraction of the surrounding rock, that suggests that the animals were
more likely entombed by a fluvial or lahar flow.
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CHAPTER 1: Introduction
Although fossils have been found for thousands of years, for all intents and
purposes scientific dinosaur paleontology began in 1824 with the discovery of a partial
jaw of Megalosaurus bucklandii (Buckland, 1824). For the past 190 years, a massive
number of new dinosaur finds has fueled the accumulation of a considerable amount of
knowledge about this long-lived clade of animals. However, the vast majority of dinosaur
species are still based on single specimens, and frequently these specimens are
incomplete (Dodson, 1990; Wang and Dodson, 2006). As a result, it is often difficult to
answer questions about dinosaurs using a quantitative, statistical framework. There are
some exceptions, however; the basal horned dinosaur Psittacosaurus is known from more
than one hundred complete specimens. Psittacosaurus provides us with the opportunity to
learn more about dinosaurs than ever before through the use of advanced techniques, with
questions framed in a quantitative manner.
Psittacosaurus is one of the most basal horned dinosaurs within the clade
Ceratopsia. It is known from the Early Cretaceous of Asia, with large numbers of
specimens in China, Mongolia, and Russia (Sereno, 2010). Potential Psittacosaurus
remains have been found as far south as Thailand (Buffetaut and Suteethorn, 1992).
Because of the large number of specimens and wide geographical range of the genus,
many species have been described. Sixteen Psittacosaurus species have been named,
only eight of which are now considered valid (Sereno, 2010; Hedrick and Dodson, 2013).
Two additional genera had been named within the Psittacosauridae; both are now
subsumed into Psittacosaurus (Sereno, 2010). While taxonomy has been central to many
!
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Psittacosaurus studies, the large number of specimens has led many workers to use
Psittacosaurus as a model to better understand both basal ceratopsian biology and
dinosaurian biology in general. These studies include (1) the examination of growth in
psittacosaurs, and by extension, in basal Ceratopsia (Erickson and Tumanova, 2000;
Erickson et al., 2009; Zhao et al., 2013); (2) potential psittacosaur nesting habits (Meng et
al., 2004; Hedrick et al., 2014a); (3) allometric trends (Zhao et al., 2013); (4) coloration
and epidermal patterning (Lingham-Soliar, 2008; Lingham-Soliar and Plodowski, 2010);
and (5) dinosaur pathologies (Lu et al., 2007). Though important, the vast majority of
these studies are qualitative in nature.
One of the key insights that can be gained by studying any animal is an
understanding of its growth and form (Gould, 1966; 1977). With a better understanding
of how individual taxa grow and the variety of shapes that different taxa can assume, we
can learn more about evolutionary processes. For example, dogs demonstrate a huge
variety of skull shapes, showing that a single species can exhibit vast intraspecific
variation. Some of the first scientific studies on the interrelationship between growth and
form were performed by D’Arcy W. Thompson in the early 1900s. He was one of the
first to assess how morphology in organisms is related to allometric processes during
growth, and documented his ideas in the book On Growth and Form in 1917. He even
attempted to explore how shape differences between organisms can be described using
mathematical transformations (Thompson, 1917). However, the book was largely
qualitative in nature and did not provide a means to evaluate these processes through
experimentation.
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Morphometric analyses on dinosaurs first appeared forty years ago (Dodson,
1975; 1976; Coombs, 1978; Chapman et al., 1981), and were among the first studies to
evaluate dinosaur shape change and allometry statistically. Traditional morphometrics is
based on linear measurements, and has the primary drawback that individual linear
measurements do not retain the actual shape of the subject. Instead, they generate long
lists of seemingly unrelated numbers (Zelditch et al., 2012). It also has problems with
repeatability and error because of difficulty in guaranteeing homology of measurements
and the lack of the ability to do error testing. Finally there is difficulty in analyzing
traditional morphometric data statistically (Zelditch et al., 2012). The last issue is
paramount as it is necessary to apply size-corrections to traditional morphometric data,
which usually results in ratios. Ratios are very difficult to deal with statistically due to
covariance (Zelditch et al., 2012). For example, if size is ‘removed’ from a study by
dividing bone length measurements by body mass, each bone length measurement ratio is
linked to all of the remaining bone length measurement ratios in that specimen because
they were all divided by a common value. Two-dimensional geometric morphometrics
was developed in the late 1980s and 90s in order to deal with the limitations of traditional
morphometrics (Rohlf and Bookstein, 1990; Bookstein, 1991; Corti, 1993; Marcus et al.,
1993). 2D geometric morphometrics is a type of landmark-based image analysis whereby
homologous landmarks are identified on images of a group of subjects. As the data are
evaluated in terms of a Cartesian coordinate system, the original shape of the object is
maintained.
General Procrustes analysis (GPA) is the preferred superimposition method used
in geometric morphometric studies. The landmarks of all specimens are superimposed to
!
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bring all of the subjects into the same landmark configuration, which effectively removes
all information except for shape data (Zelditch et al., 2012). Superimposition requires
translating, rescaling, and rotating all specimens (Figure 1.1). The specimens are
translated so that each specimen’s centroid is located at the origin in a Cartesian plane.
This removes information related to specimens being placed in different parts of the
coordinate plane. Specimens are then rescaled to a unit centroid size where the centroid
size equals one. This removes size as a confounding factor. Finally, specimens are
iteratively rotated so as to minimize the inter-landmark distances between corresponding
landmarks in each specimen (Zelditch et al., 2012). Through this process, shape
information is retained while other factors that would impact distances between
specimens are removed. Simply translating, rescaling, and rotating landmark
configurations without changing the relative positions of landmarks has no impact on
shape, but eliminates non-shape factors. Shape is defined as all of the geometric
information that remains after removing differences in location, scale, and rotation
(Zelditch et al., 2012). The data remaining after GPA is used to statistically analyze
differences in shape. 2D geometric morphometrics provides a powerful technique for
analyzing shape that resolves many of the issues that confounded traditional
morphometric analyses. The actual shape of the object is retained, and is represented
using a landmark configuration; the analysis can be easily repeated so long as landmark
files are published; it is easy to quantify error of landmark placement in terms of
individual landmarks as well as entire landmark configurations; and landmark data can
easily be subjected to statistical analyses (Zelditch et al., 2012).
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In spite of the usefulness of 2D geometric morphometrics, this approach still fails
to consider the depth between landmarks along the z – axis. 2D geometric morphometrics
is based entirely on image analysis so three–dimensional structures must be flattened into
two dimensions as part of the analysis. 2D geometric morphometrics is most useful when
applied to objects that have reasonably flat surfaces (e.g., footprints (Azevedo and
Santos, 2004), trilobites (Sheets et al., 2004), or leaves (Viscosi et al., 2009)), as there is
minimal separation of landmarks along the z – axis (Hedrick and Dodson, 2013). In fully
three-dimensional objects, such as vertebrate skulls and postcranial elements, there is
much more unaccounted error in the direction of the z – axis when using 2D geometric
morphometrics. Three-dimensional (3D) geometric morphometrics was developed to
recover the data being lost along the z – axis in 2D geometric morphometric analyses,
and works using an x–y–z coordinate system rather than by flattening the z–component
into an x–y plane. The basics behind superimposition of specimens and statistical
analyses are the same in 2D and 3D geometric morphometrics.
Morphometric techniques can also be used to assess shape asymmetry between
the left and right sides of bilaterally symmetric objects. Fluctuating asymmetry is a
measure of the random, non-directional asymmetry between two mirrored structures,
such as right and left sides of a skull or right and left limb bones. Fluctuating asymmetry
has long been considered to be a measurement of developmental instability, whereby
animals with greater asymmetry have less developmental stability (Klingenberg and
McIntyre, 1998; Mardia et al., 2000; Klingenberg et al., 2002). This instability has been
interpreted as related to a combination of genetic and environmental factors. Studies of
fluctuating asymmetry have been used to better understand developmental anomalies in
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bone formation in a variety of animals, and provide a means to test for the presence of
these anomalies (Klingenberg and McIntyre, 1998; Mardia et al., 2000; Klingenberg et
al., 2002; Willmore et al., 2005; 2006; Zelditch et al., 2008). Fluctuating asymmetry
analysis was originally developed using traditional morphometrics. It was put into a
geometric morphometric framework roughly 15 years ago (Klingenberg and McIntyre,
1998).
Although geometric morphometrics and fluctuating asymmetry are powerful
methods for analyzing shape, they do not directly allow for the evaluation of growth.
Bone histology and skeletochronology provide information concerning growth rates, age
of sexual maturity, and age of individuals at time of death (Sander, 2000; Erickson and
Tumanova, 2000; Erickson et al., 2009; Sander et al., 2011; Hedrick et al., 2014b). Bone
histology is studied by analyzing bone thin sections under a petrographic microscope.
Bone microstructure can provide informative clues as to how fast an animal was growing
at its time of death and whether growth was continuing or had ceased entirely at the time
of an animal’s death. Cessation of growth prior to death suggests determinate growth in
that animal. Growth curves have been calculated for two species of Psittacosaurus: P.
mongoliensis and P. lujiatunensis (Erickson and Tumanova, 2000; Erickson et al., 2009).
Histologic analyses of Psittacosaurus have also been used to identify any growth trends
potentially related to ontogenetic quadrupedal–bipedal transitions suggested by Zhao et
al. (2013).
This dissertation will use the techniques described above to assess biologic
growth and form, and also the taphonomic modification of form, of the basal ceratopsian
dinosaur Psittacosaurus. Both two-dimensional and three-dimensional geometric
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morphometric analyses will be used. Osteological assessments of more than seventy
Psittacosaurus specimens, histologic evaluation of five juvenile Psittacosaurus
specimens, and x-ray diffraction of sediment will also be performed. I will use these
multiple techniques to evaluate the following hypotheses:
(1) What are the major biologic factors driving changes in shape in
Psittacosaurus crania and postcrania as assessed through geometric
morphometrics?
(2) What impact does taphonomy have on shape change across Psittacosaurus
crania and postcrania? Does taphonomic shape change swamp biologic
information?
(3) What factors lead to the preservation of exquisite specimens such as a group
of Psittacosaurus juveniles preserved with a larger Psittacosaurus
individual?
(4) What can be said about the biology of the individuals in that specimen?
(5) How did very small juvenile Psittacosaurus specimens grow on a
microstructural scale and on a macroscopic scale? Were they similar to other
dinosaurs in their growth?
(6) Was Psittacosaurus precocial or altricial based on bone microstructural
assessments?
Validation or rejection of these hypotheses will make it possible to answer several broad
questions that concern all of paleobiology. Using Psittacosaurus as a model, we can learn
more about dinosaur biology in general. Some characteristics of this genus may possibly
be generalized to all of Dinosauria. Being able to quantify how taphonomic deformation
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impacts studies of shape in one dinosaur taxon will allow us to better understand the
magnitude of that deformation and how greatly it might complicate taxonomy in other
fossil taxa.
Chapter 2 considers the hypothesis that taphonomic shape change, and not true
biologic shape change, is the primary factor driving morphospace occupation of
Psittacosaurus skulls in geometric morphometric analyses (Hedrick and Dodson, 2013).
It also evaluates the potential to quantify intraspecific and ontogenetic shape change in
Psittacosaurus. Further, it is the first published application of 3D geometric
morphometrics to Dinosauria (Hedrick and Dodson, 2013). Although 2D geometric
morphometrics has recently gained prominence in dinosaurian studies (Dodson, 1993;
Campione and Evans, 2011; Brusatte et al., 2012; Maiorino et al., 2013), dinosaur skulls
are inherently three-dimensional structures. 2D geometric morphometrics loses
potentially useful information along the z – axis (Zelditch et al., 2012). It is therefore
important, whenever possible, to use 3D geometric morphometrics in order to evaluate
shape.
A number of studies have used 2D geometric morphometrics on dinosaurs
without considering how taphonomy might affect shape (Dodson, 1993; Bonnan, 2004;
Chinnery, 2004; Campione and Evans, 2011; Brusatte et al., 2012; Maiorino et al., 2013).
It is critical to assess the potential impacts of taphonomy using a large sample set, as is
possible with Psittacosaurus. In Chapter 2, I evaluate taphonomic deformation in three
nominal Psittacosaurus species that co-occur in the same beds of the Yixian Formation in
Liaoning, China, eliminating geographic and temporal variability (Sereno, 2010). First, I
synonymize the three species after careful reanalysis of character states in a large sample
!

8!

of Psittacosaurus specimens that show all characters separating the three taxa are
individually variable along a continuum. I evaluate the position of each skull in
morphospace using principal components analysis, and construct digital wireframe
models for each specimen of interest to evaluate whether its shape was determined by
biologic factors, such as intraspecific and ontogenetic variability, or by taphonomic
alterations after the death of the animal. I regressed each principal component against size
in order to determine if any trends suggesting ontogenetic-based shape change were
present. The results demonstrate that taphonomic modification to shape was the primary
driver of morphospace occupation for this sample of Psittacosaurus and that it was not
possible to resolve biologic shape factors (Figure 1.2). This study is critical to better
understanding the limitations of applying geometric morphometrics to the fossil record.
Chapter 3 applies additional techniques, fluctuating asymmetry and twodimensional geometric morphometrics, to the study of taphonomic deformation in fossils
(Hedrick et al., in review). Having determined (see Chapter 2) that taphonomic
deformation drives morphospace occupation in Psittacosaurus (Hedrick and Dodson,
2013), the next step is to tease out the effects of individual variation and taphonomic
variation in order to understand the relative magnitudes of shape change that can be
attributed to each of these factors. This provides further insight into the impacts of both
taphonomic deformation on fossil shape and the limitations of geometric morphometrics
when applied to fossils. Both canalization, the ability of a population to produce the same
phenotype regardless of environment or genotype, and developmental stability, the ability
of an organism to buffer against any random perturbations that may occur during
development, lead to a consistent phenotype (Mardia et al., 2000; Klingenberg et al.,
!

9!

2002; Leamy and Klingenberg, 2005; Willmore et al., 2005; Dongen, 2006; Zelditch et
al., 2012). Developmental instability is the opposite of developmental stability, and is
measured by quantifying random perturbations from bilateral symmetry (Zelditch et al.,
2012). This can be done by quantifying the fluctuating asymmetry in a group of animals,
where fluctuating asymmetry is the random left – right variation in a single organism
(Klingenberg and McIntyre, 1998). The higher the fluctuating asymmetry is, the larger
the left – right differences in shape. In order to apply a magnitude to the amount of shape
change that can be attributed to postmortem taphonomy in fossils rather than true
biologic shape difference, fluctuating asymmetry in Psittacosaurus girdle and long bones
is compared with left – right asymmetry in the same bones of the extant Red-tailed hawk
(Buteo jamaicensis). The difference between the left – right asymmetry in
taphonomically deformed Psittacosaurus bones and the left – right asymmetry in Buteo,
which is entirely biologic in origin, can be used to estimate the effects of taphonomic
deformation. I quantify this difference by running a multi-factor ANOVA in which
individual variation and fluctuating asymmetry are factors (Adams and Castillo-Otárola,
2013). I then examine the magnitudes of fluctuating asymmetry through the effect size
metrics, eta-squared and omega-squared (Olejnik and Algina, 2003). The results indicate
that fluctuating asymmetry in Psittacosaurus is much higher than Buteo and is on the
order of 35–45% of the total shape variation for Psittacosaurus. This demonstrates the
complications of applying geometric morphometrics to fossil specimens and is the first
study to use geometric morphometrics to directly quantify the amount of postmortem
deformation in fossil specimens.
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In Chapter 4, I evaluate multiple hypotheses regarding a particularly exquisite
specimen: a large Psittacosaurus preserved with a number of juveniles (Hedrick et al.,
2014a). I evaluate whether the bonebed assemblage can be termed a nest, the depositional
environment of the bonebed assemblage, the allometric trends of long bones based on a
large sample of Psittacosaurus with added information from the bonebed assemblage,
and then compare the osteology of the juveniles with that of other juvenile dinosaurs
through thorough study. The bonebed assemblage was previously hypothesized to be a
nesting structure (Meng et al., 2004). Testing this hypothesis is particularly important
considering the limited information that is currently available on ceratopsian nesting
habits (Fastovsky et al., 2011; Hedrick et al., 2014a). I examined the mineral constituents
of the rock surrounding the psittacosaurs using x-ray diffraction (Warren, 1990) and
petrographic thin-sections. I also measured the long axes of the vertebral columns of all
of the juveniles to determine whether or not there was a significant orientation of the
individual specimens within the group, as may be expected if the remains of these
animals had been preserved in a flow event. In addition to providing a careful
comparative osteological study of all of the individuals, I show that the bonebed
assemblage cannot be considered a nest, and that the specimens more likely were
deposited by a fluvial or lahar flow.
In Chapter 5, I continue evaluation of the juveniles in the bonebed assemblage
studied in Chapter 4 using histologic bone thin sections from five femora (Zhao, Hedrick
et al., in review). Although several studies have examined the bone histology of more
mature Psittacosaurus specimens (Erickson and Tumanova, 2000; Erickson et al., 2009;
Zhao et al., 2013), none of these studies directly examined the histology of
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Psittacosaurus during its first year of life. The current study attempts to answer several
questions about this grouping of psittacosaur remains. Were all of the individuals
preserved in the particular bonebed assemblage the same age, which may suggest they are
nest-mates? Was Psittacosaurus precocial when it hatched or was it altricial? How
rapidly was this animal growing when it was hatched in comparison with other hatchling
dinosaurs? Previous studies have suggested that smaller dinosaurs grew more slowly than
larger dinosaurs when they were young (Padian et al., 2004; Horner et al., 2009).
Psittacosaurus is a small dinosaur (Sereno, 1987) so I compare the growth rates and
vascularization percentages and patterns of the femora in Psittacosaurus to those of other
small-bodied dinosaurs (Horner et al., 2001; 2009). The results show that the juveniles
preserved in the bonebed assemblage were all the same age, that Psittacosaurus was
growing relatively quickly for a small dinosaur, and that it had well-formed bones after
hatching, suggesting that it was precocial. Psittacosaurus has vascularization percentages
similar to those of similarly sized dinosaurs such as Orodromeus (Horner et al., 2001),
but not as high as those seen in larger dinosaurs, in line with Padian et al.’s (2004)
hypothesis that small dinosaurs grew more slowly than large dinosaurs.
There are three unifying themes throughout this dissertation: (1) the novel use of
advanced analytical techniques on a large sample set of Psittacosaurus to quantitatively
answer complex questions, (2) enhanced insights into growth and form in fossil taxa, and
(3) a better understanding of the impacts of taphonomic deformation on biological form.
By looking at Psittacosaurus through the lens of modern analytical techniques, this
dissertation attempts to broaden the types of questions that can be asked in dinosaur
paleobiology from a quantitative perspective. Further, it provides the first detailed look at
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the extent to which taphonomic deformation affects our perception of morphology in
fossil taxa. Postmortem and post-depositional changes to the shape of biologic remains
must be better understood before geometric morphometrics can be effectively applied to
fossil studies in general. The studies undertaken in this dissertation are therefore
important to all of paleobiology.
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Figure 1.1: Explanation of Generalized Procrustes Analysis. Landmarks are placed on
each specimen. These landmark coordinates are known as a landmark configuration. In
order to compare two landmark configurations, it is necessary to perform
superimposition. A common form of superimposition is Generalized Procrustes Analysis
(GPA), which removes differences between specimens in position (through translation),
size (through rescaling), and rotation (by rotating specimens to minimize inter-landmark
distances). Red landmark configuration rotated counter-clockwise to minimize distances
with blue landmark configuration. After GPA, the specimens are said to be in the same
shape space.
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Figure 1.2: The holotype skull of P. lujiatunensis (left) and ‘P. major’ (right) in rostral
view showing (A) original shape, (B) dorsoventral compression, (C) bilateral
compression, and (D) shearing. Deformation was performed artificially in Adobe
Photoshop CS5, but demonstrates potential deformation that can occur taphonomically.
Note that the dorsoventrally compressed ‘P. major’ closely resembles the original shape
of P. lujiatunensis, while the bilaterally compressed P. lujiatunensis resembles the
original shape of ‘P. major’.
!
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CHAPTER 2: Lujiatun Psittacosaurids: Understanding Individual and Taphonomic
Variation using 3D Geometric Morphometrics
Previously published as:
Hedrick, B. P. and Dodson, P. 2013. Lujiatun psittacosaurids: understanding individual
and taphonomic variation using 3D geometric morphometrics. PLoS ONE. 8(8) e69265.
Abstract:
Psittacosaurus is one of the most abundant and speciose genera in the Dinosauria,
with fifteen named species. The genus is geographically and temporally widespread with
large sample sizes of several of the nominal species allowing detailed analysis of intraand interspecific variation. We present a reanalysis of three separate, coeval species
within the Psittacosauridae; P. lujiatunensis, P. major, and Hongshanosaurus houi from
the Lujiatun beds of the Yixian Formation, northeastern China, using three-dimensional
geometric morphometrics on a sample set of thirty skulls in combination with a
reevaluation of the proposed character states for each species. Using these
complementary methods, we show that individual and taphonomic variation are the joint
causes of a large range of variation among the skulls when they are plotted in a
morphospace. Our results demonstrate that there is only one species of Psittacosaurus
within the Lujiatun beds and that the three nominal species represent different
taphomorphotypes of P. lujiatunensis. The wide range of geometric morphometric
variation in a single species of Psittacosaurus implies that the range of variation found in
other dinosaurian groups may also be related to taphonomic distortion rather than
interspecific variation. As the morphospace is driven primarily by variation resulting
from taphonomic distortion, this study demonstrates that the geometric morphometric
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approach can only be used with great caution to delineate interspecific variation in
Psittacosaurus and likely other dinosaur groups without a complementary evaluation of
character states. This study presents the first application of 3D geometric morphometrics
to the dinosaurian morphospace and the first attempt to quantify taphonomic variation in
dinosaur skulls.

2.1. Introduction
Psittacosaurus was first described from a well-preserved skeleton found during
the Third Asiatic Expedition to Mongolia in 1922 (Osborn, 1923; 1924a). Since then, 15
species and a genus separate from Psittacosaurus have been placed in the
Psittacosauridae (Sereno, 2010). The most recent review of the group accepts one genus
(Psittacosaurus) and nine species as valid categorizing the remaining species as either
junior synonyms or as nomina dubia (Sereno, 2010). Psittacosaurus is one of the most
common dinosaurs currently known and is found throughout Asia (Russia, China,
Mongolia, and possibly Thailand). Further, it has been inferred to have a long temporal
duration from the Hauterivian to the Albian stages of the Early Cretaceous encompassing
20 Ma (Lucas, 2006). This wide geographical distribution in combination with a long
temporal duration coupled with small body size makes the Psittacosauridae one of the
most likely groups in the Dinosauria to have multiple congeneric species (You et al.,
2008).
The purported Hauterivian dates are based on ashes from the Lujiatun beds of the
Yixian Formation in Liaoning, northeastern China, which is the oldest unit producing
psittacosaur skeletons (Lucas, 2006; Zhou et al., 2006). 40Ar/ 39Ar dating of ash from the
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Lujiatun beds interbedded with the fossiliferous layers shows that the Lujiatun specimens
are Barremian (123.2 + 1.0 Ma) in age (He et al., 2006) rather than Hauterivian (128 +
0.2 Ma) as was earlier reported (Wang et al., 2001) and thus that the Psittacosauridae
occupies a shorter temporal duration than previously supposed. The Lujiatun beds are
famous for producing beautiful specimens of feathered dinosaurs and early birds (see Xu
and Norell, 2006 for a review), but have also produced two named species of
Psittacosaurus (P. lujiatunensis and P. major) (Zhou et al., 2006; Sereno et al., 2007) and
a separate genus within the Psittacosauridae, Hongshanosaurus houi (You et al., 2003).
Sereno (2010) found Hongshanosaurus to be a taphonomically distorted Psittacosaurus
skull and a junior synonym of Psittacosaurus with P. houi, a nomen dubium. He found
both P. major and P. lujiatunensis to be valid, though he points out many similarities
between the two taxa and suggested more work needs to be done to clarify their
relationships. Erickson et al. (2009) proposed that P. major is synonymous with P.
lujiatunensis reasoning that two similar species without trophic specializations would not
inhabit the same environment. However, numerous extant environments in which similar
species and subspecies live within the same habitats (Buteo, Falco, Branta, Anolis,
Odocoileus) do not support this assertion (Godfrey, 1986; Carr et al., 1986; Leal and
Fleishman, 2002).
Geometric morphometrics is an important method for demonstrating shape
variation within a species given a large enough specimen sample size (Rohlf and Marcus,
1993). In one of the first studies examining species validity in dinosaurs using traditional
morphometrics, Dodson (1975) examined the skull of Corythosaurus, which resulted in
reducing the number of Corythosaurus species from six to one. The species grouped into
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two separate groups, which were interpreted as two sexual dimorphs of one species
(Dodson, 1975). Recent work using high-resolution stratigraphy of the Dinosaur Park
Formation has shown that each of these supposed sexual dimorphs occupied separate
stratigraphic levels and are most parsimoniously interpreted as two separate species
(Evans et al., 2006). However, the Dodson (1975) study presented a valuable method for
understanding species validity in dinosaurs based on traditional morphometric
techniques, as well as the shortcomings of such techniques. These techniques are best
applied to very closely related species, which have similar cranial proportions.
Depending on the separation of proportions among species, groups may be interpreted as
either separate species or the same species within the context of individual variation
(Dodson, 1975; 1976).
More recently, Campione and Evans (2011) examined edmontosaurs using twodimensional geometric morphometrics to assess the validity of species of
Edmontosaurus, E. regalis and E. annectens, along with Anatotitan copei, Thespesius
edmontoni, and Edmontosaurus saskatchewanensis. They were able to determine that
there are only two distinct cranial morphotypes in North American edmontosaurs, E.
regalis and E. annectens. Such studies have also been performed on a wide range of
groups, from Protoceratops (Dodson, 1976), to Podarcis lizards (Kaliontzopoulou et al.,
2007), to mammalian carnivores (Meiri et al., 2005) to examine sexual dimorphism and
interspecific variation. This technique has been used in Dinosauria to examine variation
and disparity between groups in sauropods (Bonnan, 2004; Canudo and Cuenca-Bescós,
2004), theropods (Smith, 1997; Marugán-Lobón and Buscalioni, 2004; Snively et al.,
2004; Brusatte et al., 2012), ceratopsians (Dodson, 1993; Chinnery, 2004), hadrosaurs
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(Egi and Weishampel, 2002; Campione and Evans, 2011) and pachycephalosaurs
(Chapman et al., 1981).
Studies in dinosaur cranial and appendicular morphometrics are gaining
prominence in dinosaur paleontology, but three-dimensional geometric morphometric
tests have not yet been performed on this group. Three-dimensional techniques are
critical when examining complex objects such as skulls, which vary greatly in depth
between landmarks (Zelditch et al., 2004). In spite of the usefulness of morphometrics, it
is not possible to replace qualitative cladistic characters with morphometric-based
characters. Using cranial morphometrics combined with a reanalysis of character states
has the greatest potential for unraveling the factors delineating different species of
Psittacosaurus. We present here the first examination of Psittacosaurus using this
approach focusing on the Lujiatun bed psittacosaurs to determine the validity of P.
lujiatunensis, P. major, and Hongshanosaurus and quantitatively assess the range of
individual and taphonomic variation within the genus Psittacosaurus.

2.2. Materials and Methods
We obtained permission to visit and examine specimens in collections from all
museums cited in the paper (Institute of Vertebrate Paleontology and Paleoanthropology;
Dalian Museum of Natural History; Zhejiang Museum of Natural History, University of
Chicago, Chinese Academy of Geological Sciences). All specimens were purchased or
donated to their respective collections.
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2.2.1. Materials
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All psittacosaurid skulls used in this analysis are from the Lujiatun beds of the
Yixian Formation found near Lujiatun Village, Liaoning, northeastern China in order to
eliminate temporal and geographic variation. Thirty psittacosaurid skulls were digitized
including the adult paratype of Hongshanosaurus houi (IVPP [Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, China] V12617), and the holotypes P.
lujiatunensis (ZMNH [Zhejiang Museum of Natural History, Hangzhou, China] M8137),
and P. major (LHPV1 [Long Hao Institute for Stratigraphic Paleontology, Hohhot, Nei
Mongol Autonomous Region, China]). Unfortunately the holotype of Hongshanosaurus
houi (IVPP V12704), a juvenile specimen measuring 37.5 mm in total skull length, could
not be located. A cast of the specimen was digitized instead so as to include the important
holotype specimen. A number of published Lujiatun psittacosaurs were not available for
study as they are currently under restudy (PKUVP [School of Earth and Space Sciences,
Peking University, Beijing China] 1053, 1054, IVPP V14341) (Zhou et al., 2006; Zhao et
al., 2007) or were behind glass and could not be digitized (see Erickson et al., 2009, table
1 for the LPM [Liaoning Paleontological Museum, Shenyang Normal University,
Shenyang, China] specimen list currently on display). Of the thirty skulls, two (DMNH
[Dalian Museum of Natural History, Dalian, Liaoning, China] D2584, DMNH D1883)
had to be excluded from the principal components analysis since they were missing
numerous landmarks used in the analysis. These landmarks were missing due to
taphonomic breakage prior to burial. Specimens displaying taphonomic variation that did
not suffer breakage were included in the study so as to construct a taphonomic
morphospace.
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With the exception of IVPP V12704, DMNH D3075-1, and DMNH D3075-3, all
skulls examined in this study ranged in total skull length (back of parietal to front of
rostrum) from 82 mm–205 mm. This ranges in ages 3.5–10 years of age based on the
growth curve developed for P. lujiatunensis by Erickson et al. (2009). All three juvenile
skulls were found to occupy a slightly different position in the morphospace than the
adult skulls. Therefore, we analyzed the morphospace for trends in allometry.

2.2.2. Taxonomic Methods
Morphometric techniques are not useful in directly determining taxonomic
relationships due to variation from a large number of shape-based factors including
sexual dimorphism, intraspecific variation, geographic variation (Zelditch et al., 2004),
and as we demonstrate in this study, taphonomic variation. Therefore, a reanalysis of the
proposed apomorphies of each species (P. lujiatunensis, P. major, and Hongshanosaurus
houi) was performed by which each species was shown to be synonymous before
morphometric analyses could be performed. Therefore, all known specimens referred to a
specific Lujiatun species (IVPP V12617, IVPP V12704, ZMNH M8127, ZMNH M8138,
CAGS [Chinese Academy of Geological Sciences, Beijing, China] VD04, CAGS VD05,
LHPV1) were analyzed firsthand by B.P.H. (MS in preparation). Seventy-four additional
specimens of Psittacosaurus in various degrees of preservation and ontogeny were
examined including the holotypes of P. xinjiangensis, P. meileyingensis, P. mongoliensis,
P. gobiensis, P. ordosensis, P. sinensis, P. mazhongshanensis, and P. neimongoliensis
(Osborn, 1923; Young, 1958; Sereno et al., 1988; Russell and Zhao, 1996; Xu, 1997;
Sereno et al., 2009). The majority of the examined skulls were also from the Yixian
!

22!

Formation (n = 64), the rest of which comprised holotype or paratype specimens from
other localities. Based on the large sample size of specimens examined, it was possible to
determine the wide range of individual variation present in all species level apomorphies
that have been proposed to separate Lujiatun psittacosaurids.

2.2.3. Morphometric-based Methods
Three-dimensional data were collected using a Polhemus FastSCAN 3D surface
scanner and stylus. Taking landmarks directly using a stylus or indirectly from a digitized
scan has both advantages and disadvantages. Stylus-derived landmarks are more accurate
than scan-derived landmarks because it is possible to manipulate the actual specimen
when they are collected so that the landmark can be taken precisely, though this can be
tedious in very small skulls. Scan-derived landmarks have the advantage that they are
more easily repeatable in follow-up studies than stylus-derived landmarks. Stylus-derived
landmarks are recorded as numbers in a datasheet and are much more difficult to
visualize than scan-derived landmarks, which appear onscreen in their original
orientation. However, wireframes created in programs such as morphologika2 (O’Higgins
and Jones, 2006) can aid in visualization of stylus-derived landmarks. Landmarks used in
statistical analyses in this study are all stylus-derived, but scans of each examined skull
were also taken for reference.
The scanner allows for manual rotation of each skull via a second receiver
attached to the base of each skull. Many examined skulls had matrix in their interiors so
that attaching the receiver directly on the skull was not necessary and the bone itself was
not compromised. For skulls that had been fully prepared, the receiver was attached to the
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braincase. As this region is frequently obscured by matrix, it was not necessary to have a
high-resolution scan of the braincase making this the optimal region for receiver
placement. Each scan was collected three times in order to ensure an accurate capture of
skull shape. Scans are available upon request (a scan of ZMNH M8137 is included in
Multimedia S1, Hedrick and Dodson, 2013).
Fifty-six landmarks were collected using the mechanical stylus attachment on the
Polhemus FastSCAN system (Figure 2.1; Table 2.1). Landmarks 17, 18, 21, 36, 39, 43,
44, 45, 46, 48, 49, and 50 were excluded from the final analysis since they were missing
in several of the twenty-eight specimens. It was deemed more desirable to have a higher
sample size of specimens than to have a higher sample size of landmarks considering that
forty-four landmarks were still available for analysis after these were eliminated. The
large number of landmarks was necessary due to the inability to reflect the right and left
sides into a single landmark set. This is because taphonomic variation of the skull differs
on the right and left sides due to differential compression and this is a major focus of the
present analysis.
Once the landmarks were collected, they were analyzed in morphologika2
(O’Higgins and Jones, 2006). Specimens were rescaled and rotated using Generalized
Procrustes Analysis (GPA) in order to adjust for size and eliminate it as a contributing
factor so as to establish only shape differences (Zelditch et al., 2004). A GPA minimizes
the sums of squared distances between the landmarks in each specimen by centering them
on a common centroid by rotating and rescaling the landmark configurations (Rohlf and
Slice, 1990). The data are then put into a principal components analysis in order to
partition variance allowing us to visualize changes in shape irrespective of size.
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Principal components analysis (PCA) is a critical method when dealing with large
numbers of landmarks in three-dimensions, as there are three times the number of
landmark coordinates in a plane in three dimensions as there are total number of
landmarks. PCA reduces the dimensionality of large multivariate datasets by creating
linear combinations of the original data so that it can be more easily analyzed. The
broken stick method was used to determine the number of principal components that had
biologic meaning (Zelditch et al., 2004). Confidence ellipses at the 95% confidence
interval were created in MATLAB (2010, The Mathworks, Natick, MA) using the
formula, x̅ – 1.96σ < µ < x̅ + 1.96σ, for each principal component. Details on 2D and 3D
morphometrics and statistical analyses can be found in Bookstein et al. (1985), Bookstein
(1991), Rohlf and Bookstein (1990), and Zelditch et al. (2004).
Specimens were all examined within a two-month interval and all landmarks were
taken by B.P.H. to minimize intra-observer error and remove inter-observer error.
Further, landmarks were taken on the holotype of P. major, (LHPV1) ten separate times
in order to create an error sample. Euclidean distances for PC1, PC2, PC3, and PC4 were
calculated by subtracting the mean of the error sample from each PC coordinate for the
remaining 27 specimens in order to determine any overlap between the LHPV1 error
sample and the other specimens. Euclidean distances between specimens are included in
the Table S2 in File S1 (Hedrick and Dodson, 2013). Methods follow Lockwood et al.
(2002).
Unfortunately the limitation of this dataset is that each species has only two skulls
that have previously been referred to a specific Lujiatun species, with the rest being
Psittacosaurus sp. Less exploratory analyses such as canonical variates analysis or
!

25!

discriminate function analysis were not performed on the data due to the lack of any
visible groupings in the PCA partially resulting from the small sample size of each
nominal species. In order to assess changes in the taphomorphospace among the three
species, all three species and 23 previously unstudied psittacosaur skulls from the
Lujiatun beds were plotting using PCA. By establishing confidence ellipses around the
data, it is possible to determine which specimens are statistically separate from the mean
of all of the included specimens. Critically it should be noted that specimens outside of
the confidence ellipse are not statistically different from any other group, but they are
statistically different from the mean of all examined samples.
!
!
2.3. Results
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2.3.1. Taxonomic-based results
In order to demonstrate whether or not the character states of the three Lujiatun
psittacosaur species are appreciably different, it was first necessary to review the
apomorphies of each species on the bases of which they were originally erected.
Therefore, the taxa are reviewed here and the significance of the autapomorphies and
character combinations are analyzed. Apomorphies in the most recent comprehensive
review of Psittacosaurus (Sereno, 2010) as well as each species’ original description
were assessed. Following the review of characters we evaluate the validity of each
character in separating out any particular Lujiatun psittacosaurid species from any other
species. Characters and their distribution in each species are summarized in Table 2.2.

(i) Psittacosaurus lujiatunensis - ZMNH M8137 (holotype), M8138 (paratype)
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In the most recent review of Psittacosaurus taxonomy, P. lujiatunensis was
considered valid with three distinct autapomorphies (Sereno, 2010). P. lujiatunensis has
(1) a prefrontal width less than 50% of the width of the nasal, (2) quadratojugalsquamosal contact along the anterior margin of the quadrate, and (3) a jugal-quadrate
contact caudoventral to the lateral temporal fenestra (Sereno, 2010). In the original
description, Zhou et al. (2006) describe the autapomorphies as (1) narrow prefrontals that
are less than 50% of the width of the nasal, (2) an upturned maxillary protuberance, (3) a
jugal horn that arises in the caudal portion of the skull and projects caudolaterally, (4) the
ventral ramus of the squamosal contacts the quadratojugal, (5) a closed external
mandibular fenestra, (6) a large angular, (7) a depression in the center of the rostral
surface of the jugal, (8) a rounded ridge extending dorsally across the maxilla-jugal
suture that ends halfway along the orbital ramus of the jugal, and (9) a primary ridge on
the teeth with an enlarged central lobe.
Additional synapomorphies described by Zhou et al. (2006) are also examined
here in order to better understand P. lujiatunensis. As in P. sinensis and some specimens
of P. mongoliensis, the skull is wider than it is long. There is a low ridge on the surface of
the premaxilla, which is also seen in P. mongoliensis, P. meileyingensis, and P. major
(Zhou et al., 2006; Sereno et al., 1988; Sereno, 1987). There is a deep antorbital fossa as
in other psittacosaur species (Zhou et al., 2006). There is a weak postorbital prominence
also seen in P. meileyingensis (Zhou et al., 2006) and P. major. The quadrate shaft is
strongly concave caudally as in P. sinensis and P. meileyingensis (Zhou et al., 2006) and
has been noted by the author in numerous Lujiatun psittacosaurid skulls that are
!

27!

undistorted. There is no caudal process on the pterygoid (Zhou et al., 2006). As in many
other psittacosaur species, there is also a prominent dentary flange (Zhou et al., 2006).
Prefrontal width less than 50% of the nasal width is a character seen in P.
lujiatunensis, but also to varying degrees in the sample set of 25 Lujiatun Psittacosaurus
sp. specimens. P. major has very wide prefrontals, but within the range of individual
variation based on the 25-sample subset. Therefore, this character is interpreted as
individually variable within the Lujiatun psittacosaur species rather than as an
autapomorphy of P. lujiatunensis. The quadratojugal-squamosal contact along the rostral
aspect of the quadrate is only seen in ZMNH M8137. However, the ventral ramus of the
squamosal and the dorsal ramus of the quadratojugal are almost always broken in
Lujiatun psittacosaur specimens as in LHPV1 (holotype of P. major) and IVPP V12617
(adult paratype of Hongshanosaurus) so this character cannot be effectively evaluated in
either of these taxa. The jugal-quadrate contact is noted as caudoventral to the lateral
temporal fenestra in P. lujiatunensis (Sereno, 2010). However, the contact is just dorsal
to the ventral aspect of the lateral temporal fenestra. This contact is about 30% above the
ventral margin of the lateral temporal fenestra in P. major, but due to distortion this
feature is likely a taphonomic artifact. The location of the contact is widely variable in
the sample of Psittacosaurus sp. and does not cluster into two distinct groups (just dorsal
to the ventral lateral temporal fenestra and 30% above the ventral margin of the lateral
temporal fenestra) as would be expected in two separate species.
Zhou et al. (2006) notes the maxillary protuberance as upturned, but this feature is
identical to that of other psittacosaurs possessing a large maxillary protuberance and
could be an allometric feature due to the large size of ZMNH M8137. The direction of
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the jugal horn is widely variable among psittacosaur species and is due to taphonomic
distortion of the skull. As the jugal horns are relatively thin and project outward, they are
skull element most susceptible to compression. A closed external mandibular fossa is a
feature shared by all three Lujiatun psittacosaur species, though this region is broken in
some specimens. The large angular in P. lujiatunensis is an ontogenetically variable
character and is also seen in P. major (LHPV1), another large specimen. The depression
in the center of the rostral surface of the jugal is seen in both P. lujiatunensis and P.
major. The rounded ridge extending along the jugal noted in P. lujiatunensis (Zhou et al.,
2006) continues into the maxilla and is synonymous with the convex rostral ramus of the
jugal, which is a character of P. major (Sereno, 2010).

(ii) Psittacosaurus major – LHPV1 (holotype), CAGS VD04 (referred)
P. major, as the name suggests, is based on a large Psittacosaurus skull and
associated postcranial material. The skull is suggested to be similar to P. mongoliensis
except that it is 25% larger in comparison with its associated postcranium than P.
mongoliensis skulls and postcrania (Sereno et al., 2007). Sereno (2010) names six
autapomorphies for P. major: (1) the maximum width across the nasals and interorbital
frontal width is subequal to the width of the rostral, (2) tall, subtriangular lateral temporal
fenestra with rostrocaudal width of the ventral margin approximately 25% of the
dorsoventral height, (3) the rostral ramus of the jugal convex, (4) elongate basipterygoids
as measured from the notch between the processes to the basal tubera, (5) hypertrophied
dentary flange with the rostral corner approximately 30% of the depth of the dentary
ramus and with only a short gap to the predentary, and (6) possession of seven sacral
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vertebrae. The highlighted differences between P. lujiatunensis and P. major are the
elongation of the basipterygoid in P. major and some differences in sutural contacts
(Sereno, 2010).
The original description of P. major notes (1) a skull much longer relative to its
body than other Psittacosaurus species, (2) a transversely narrow dorsal skull roof, (3)
accentuated dentary flange with a depth approximately one third that of the mandibular
ramus, (4) a ventrolaterally projecting jugal horn, (5) absence of the external mandibular
fenestra (as in P. sinensis, P. neimongoliensis, and P. lujiatunensis), (6) and seven sacral
vertebrae as opposed to six as in all other species of Psittacosaurus (Sereno et al., 2007).
A follow-up paper describing a completely prepared Lujiatun Psittacosaurus skull
(CAGS VD04) refers the specimen to P. major based on its transversely narrow skull
roof and very prominent dentary flange (You et al., 2008). They list additional cranial
features. The specimen shows an elliptical median interpremaxillary foramen (seen in
Hongshanosaurus and P. lujiatunensis), prominent neurovascular canals on the internal
wall of the beak, long divergent basipterygoid processes developed as vertical blades
with a deep cleft dividing them, and a horizontally oriented vomer bone (You et al.,
2008).
Other apomorphies include prominent jugal horns, large nares, laterally flaring
palpebrals (as opposed to caudally flaring palpebrals in P. lujiatunensis), and lateral
temporal fenestrae that are narrower ventrally than they are dorsally (as in P.
lujiatunensis) (You et al., 2008). The nasals are narrow and squeezed between the
prefrontals, unlike P. lujiatunensis (You et al., 2008). However, this character does not
seem to be highly divergent between P. major and P. lujiatunensis considering a large
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range of variation in the prefrontal region in the 25-specimen subset. The frontals are
reconstructed in P. lujiatunensis as sharing a triangular rostral border with the nasals
(Zhou et al., 2006). They are reconstructed as having a flat border in P. major, although
the rostral and caudal borders of the frontals are said to be difficult to determine due to
blurring of suture lines (You et al., 2008). The large skull size noted by Sereno et al.
(2007) is regarded as an unreliable character by Sereno (2010) and relative large skull
size is a trait shared by P. major, P. lujiatunensis, and P. sinensis. The dentary flange has
a prominence that extends from the coronoid process to the rostral border of the flange
(You et al., 2008). The flange itself is large and ventrolaterally projecting (Sereno et al.,
2007; You et al., 2008). The flange is caudally placed on the ramus as in P. lujiatunensis
(You et al., 2008).
The relative nasal width, interorbital width, and the rostral width are all subequal
in P. lujiatunensis, P. major, and many of the specimens of Psittacosaurus sp. The tall,
subtriangular lateral temporal fenestrae in P. major are also seen on the holotype skull of
P. lujiatunensis (ZMNH M8137). The size and shape of the lateral temporal fenestra
varies widely on ZMNH M8137 from a tall, narrow fenestra on the right side to a short,
wide fenestra on the left side. This demonstrates that this character is highly
taphonomically variable (Sereno, 2010). The extreme hypertrophy of the dentary flange
in P. major is also considered an autapomorphy (Sereno et al., 2007). However, both the
holotype and paratype of P. lujiatunensis have hypertrophied dentary flanges,
demonstrating that this character simply develops in late ontogenetic stages as it is only
seen in the largest specimens. The transversely narrow skull roof seen in P. major is
taphonomically variable and is variable among the Psittacosaurus sp. subset. As with P.
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lujiatunensis, the ventrolaterally projecting jugal horn of P. major is widely variable and
is a result of skull compression.
P. major was inferred by Sereno et al. (2007) to have a large skull relative to its
body size. The skull – femur ratio ranges from 0.85 – 1.38 in a dataset of 43
psittacosaurs. The holotype of P. lujiatunensis has a skull-femur ratio of 0.99 and LHPV1
has a ratio of 1.13 so both are within the range of values for a large dataset of
psittacosaurs, showing that neither has an anomalously large skull relative to body size
(Table S3 in File S1, Hedrick and Dodson, 2013). Additionally, Sereno et al. (2007)
characterize P. major as having seven sacral vertebrae. However, the cranialmost
vertebra does not contact the ilium on either side and cannot be confirmed as a sacral.
Articulation points on the medial ilium could potentially be broken contacts for sacral
ribs, but the assertion that P. major only has six sacral vertebrae is supported by the fact
that all other examined psittacosaurids from the Lujiatun sample have six sacral
vertebrae. Therefore it is most likely that P. major also has six sacral vertebrae.

(iii) Hongshanosaurus houi – IVPP V12704 (holotype), IVPP V12617 (paratype)
The second nominal genus within the Psittacosauridae from the Lujiatun beds is
Hongshanosaurus, with a single species, H. houi (You et al., 2003). The genus was
erected on the basis a complete juvenile skull with no postcranial material (You et al.,
2003), although an adult skull has since been referred to the taxon (You and Xu, 2005).
Hongshanosaurus is distinguished from Psittacosaurus by (1) a prominent jugalquadratojugal process below the maxillary tooth row, (2) a long preorbital region, and (3)
an elliptical and caudodorsally oriented orbit (You et al., 2003). In addition, it does not
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have an antorbital fenestra (as in all species of Psittacosaurus) and has very long nasals
(You et al., 2003). It is placed in the Psittacosauridae based on the caudodorsal process of
the premaxilla, contact between the premaxilla and lacrimal, long rostral process on the
nasal, open canal on the lateral surface of the lacrimal, and having fewer than ten
maxillary teeth in either ramus (You et al., 2003). The adult specimen is referred to
Hongshanosaurus on the basis of the preorbital region being half of the total skull length,
elliptical nares and orbits, and lateral temporal fenestrae with their major axis oriented
caudodorsally (You and Xu, 2005). It also has laterally flaring jugal horns and a large
dentary flange, just as in P. major and P. lujiatunensis. You and Xu (2005) view these as
ontogenetic characters in Hongshanosaurus.
The type material for Hongshanosaurus houi has previously been considered
dorsoventrally flattened (Sereno, 2010), but the adult material has been suggested to be
undistorted based on completely undeformed palatal features (You and Xu, 2005).
However, there is a significant amount of plaster connecting the palate with the braincase
in IVPP V12617 suggesting that the skull was generally compressed, but that palate was
not distorted (Figure S4 in File S1, Hedrick and Dodson, 2013). This is supported by the
fact that all of the apomorphies distinguishing Hongshanosaurus can be explained via
dorsoventral crushing. The long preorbital region, elliptical, caudodorsally oriented orbit
and lateral temporal fenestra, and the jugal-quadratojugal process located ventral to the
maxillary tooth row all would occur if the entire skull were taphonomically distorted such
that the caudal aspect of the skull is dorsoventrally compressed and rotated about the
undistorted rostral aspect of the skull. Varying degrees of these features are seen in
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Lujiatun Psittacosaurus sp. specimens based on their degree of dorsoventral
compression.

2.3.2. Morphometric-based results
PCA was run both with juvenile specimens (DMNH D3075-1, DMNH D3075-3,
and IVPP V12704) included (N = 28) and with only adult specimens (N = 25) since the
juvenile skulls occupy a different part of the morphospace from the larger skulls. In
general, the adult-only PCA caused the cluster to be more closely aligned with the 95%
confidence ellipses (Figure S1, S2 in File S1, Hedrick and Dodson, 2013). This did not
substantially affect the grouping within the morphospace, but did change the locations of
particular specimens in some instances. These two separate analyses are referred to as the
28-specimen PCA (with juveniles) and the 25-specimen PCA (adults only). Given the
similarities between the two groupings, the 28-specimen PCA is presented here (see File
S1 for discussion of the 25-specimen PCA, Hedrick and Dodson, 2013). The first four
principal components are interpreted. The traditional method for determining the number
of principal components used in an analysis is the broken-stick method, whereby the
principal components to the left of an inflection point on a scree plot are considered
significant. The first two PCs had much higher eigenvalues than the remaining PCs
(Table 2.3). The following three PCs signified a second tier of eigenvalues. The first four
PCs are here examined and comprise 63.2% of the total variance. Four PCs were chosen
in this analysis as they represent different aspects of taphonomic variation demonstrated
by the entire sample. Successive PCs separated out single specimens or small groups of
specimens and were therefore difficult to interpret and are not discussed. The Euclidean
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distances between the error sample and the rest of the samples had no overlap showing
that there was no substantial difference in the way the landmarks were measured from
specimen to specimen (Figure 2.2).
In order to test for allometric effects, each principal component examined (PC1–
PC4) was plotted against centroid size (Figure 2.3). Each linear fit had a low R2 value.
The Spearman’s rank correlation coefficient was calculated to evaluate if there was a
significant correlation between principal components and centroid size. This
nonparametric option was chosen because the centroid size of our sample was not
normally distributed. PC3 and PC4 did not have significant correlations with centroid
size so allometry did not have a significant impact on them (p = 0.392 and p = 0.272
respectively). PC1 and PC2 did have a significant correlation with centroid size (p <
0.001 and p = 0.029 respectively). Removing the small specimens (IVPP V12704,
DMNH 3075-1, DMNH 3075-2) from the dataset eliminated the significant allometric
correlation in PC1, but PC2 and PC4 were found to be significant (Table S4 in File S1,
Hedrick and Dodson, 2013). (PC1, p = 0.756; PC2, p = 0.038; PC3, p = 0.933; PC4, p =
0.283). ZMNH M8138 is a clear outlier in the 25-specimen dataset on PC2 (Figure S1 in
File S1, Hedrick and Dodson, 2013) and if it is taken out of the dataset, PC2 is no longer
significantly correlated with centroid size (p = 0.235).
It is likely that the correlation between PCs and centroid size is not driven by
allometry, but is driven by differential distortion of the smaller skulls. The small size of
the smallest specimens predisposes them to more substantial crushing than the larger
specimens due to a lack of fusion in the skulls resulting from early ontogenetic stage.
Additionally, removal of a single specimen from the analysis caused a change in the
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significance of the correlation for PC2 suggesting small sample size is a dominant factor
in producing significant p-values here. It is not possible to eliminate the smaller
specimens from the analysis because understanding the placement of the holotype of
Hongshanosaurus (IVPP V12704) in the morphospace is one of the main goals of the
study. We therefore make the assumption in this study that determination of significant
correlation between PCs and centroid size is related to taphonomic factors and small
sample size rather than an allometric signal.
The confidence interval for each PC is determined by the mean based on all 28
specimens and is displayed graphically in the confidence ellipse. The 95% confidence
interval for PC1 is -0.181 < µ < 0.181, PC2 is -0.148 < µ < 0.148, PC3 is -0.103 < µ <
0.103, and PC4 is -0.095 < µ < 0.095. Specimen data including principal component
coordinates is included in Table S1, S4 in File S1 (Hedrick and Dodson, 2013). The first
principal component comprises 27.9% of the variance. A strongly positive PC1 score is
characterized by a tall skull with ventrally projecting horns (Figure 2.4A). The rostrum in
lateral view is oriented at 90º with erect nasals in comparison with a flattened sloping
rostrum. By contrast, a strongly negative PC1 score is characterized by a dorsoventrally
flattened skull with incipient jugal horns. The rostrum is also sloping as opposed to erect.
Only IVPP V12704 (holotype of Hongshanosaurus) is outside the 95% confidence
intervals for PC1.
Principal component 2 represents 18.6% of the total variance. A strongly positive
PC2 score is represented by a laterally compressed skull with ventrally projecting jugal
horns and an erect rostrum (Figure 2.4A, D). A strongly negative PC2 score is
characterized by a broad skull with laterally flaring jugal horns and a taller rostrum than
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caudal aspect of the skull. DMNH D2590 is outside of the 95% confidence interval on the
positive PC2 axis. DMNH D3075-1 is outside of the 95% confidence ellipse on the
negative PC2 axis. DMNH D3075-3 also groups with DMNH D3075-1, but is within the
95% confidence ellipse. DMNH D3075-1, D3075-3, and IVPP V12704 are all juveniles
and occupy a slightly separate morphospace from the main sample. However, it would
appear that the grouping is based on similar taphonomic distortion rather than allometry
(Figure 2.4).
Principal component 3 is comprised of 9.04% of the total variance. The strongly
positive PC3 axis is represented by a tall skull crushed inward on the right side (Figure
2.4B, D). IVPP V12617 is outside of the 95% confidence interval on the positive PC3
axis. It does not have marked asymmetry at the midline, but is dorsoventrally deformed.
The strongly negative PC3 axis is composed of specimens with a dorsoventrally flattened
skull that is crushed inward on the left side. IVPP V12704 and ZMNH M8138 are outside
the 95% confidence interval on the negative PC3 axis. Both are dorsoventrally crushed
and have differential crushing on the left side. Crushing on a single side of the skull is
common in the dataset and therefore PC3 represents a valuable quantification of this
feature in spite of accounting for a relatively small percent of the total variance.
Principal component 4 comprises 7.64% of the total variance. A strongly positive
PC4 is represented by a caudally angled skull with ventrolaterally oriented jugal horns
and a flattened rostrum (Figure 2.4C). This causes an exaggeration of the length of the
rostrum. Both specimens of Hongshanosaurus group on the strongly positive PC4 axis
though are within the 95% confidence interval. DMNH D2590 is the only specimen
outside of the 95% confidence interval and is also crushed in such a way as it has an
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elongate rostrum. A strongly negative PC4 is represented by skulls with an erect rostrum
that is much taller than the caudal aspect of the skull. DMNH D2592 is outside the 95%
confidence interval on the negative PC4 axis.

2.4. Discussion
Psittacosaurus is one of the most speciose dinosaur genera with fifteen separate
nominal species (Sereno, 2010). Psittacosaurus is undoubtedly geographically
widespread and is found as far north as Siberia (P. sibiricus; Averianov et al., 2006), as
far west as Xinjiang, China (P. xinjiangensis; Sereno and Chao, 1988), as far south as
Thailand (P. sattayaraki, Buffetaut and Suteethorn, 1992); and along the eastern coast of
China (P. sinensis, P. lujiatunensis; Young, 1958; Zhou et al., 2006). Lucas (2006)
further suggested a long ‘Psittacosaurus biochron’ of 20 million years. These factors
together would imply the potential for a speciose clade given the excellent preservation
of Early Cretaceous fossiliferous sediments in Asia. However, recent work has shown
that the Psittacosaurus biochron was shorter than previously suggested (He et al., 2006;
Sereno, 2010), which perhaps in turn implies a smaller likelihood of the Psittacosauridae
being as speciose as previously supposed.
Based on a reanalysis of the characters used to distinguish the three Lujiatun
psittacosaurs, P. lujiatunensis, P. major, and Hongshanosaurus houi, using all referred
specimens as well as a large number of complete Psittacosaurus skulls hitherto
undescribed also from the Lujiatun beds of the Yixian Formation, it is concluded that P.
major and Hongshanosaurus are both junior synonyms of P. lujiatunensis.
Hongshanosaurus You et al. (2003) was named before P. lujiatunensis Zhou et al.
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(2006), but we argue that P. lujiatunensis should be retained as the species name for the
Lujiatun psittacosaurid species since the holotype of Hongshanosaurus (IVPP V12704) is
clearly a juvenile and does not have many of the characters distinguishing this taxon from
other psittacosaurids due to the early ontogenetic stage of the skull of IVPP V12704
(Sereno, 2010).

Systematic Paleontology:
Dinosauria Owen, 1842
Ornithischia Seeley, 1888
Ceratopsia Marsh, 1890
Psittacosaurus Osborn 1923
Psittacosaurus lujiatunensis, Zhou et al. 2006
2007 Psittacosaurus major, Sereno et al., p. 275.
2003 Hongshanosaurus houi, You et al., p. 15.

Holotype: ZMNH M8137, skull and nearly complete postcranial skeleton. Paratypes:
ZMNH M8138, PKUVP V1053, PKUVP V1054 (Zhou et al., 2006), LHPV1 (Sereno et
al., 2007), IVPP V12617 (You and Xu, 2005)

Referred Specimens: DMNH D1882, DMNH D1883, DMNH D2581, DMNH D2582,
DMNH D2583, DMNH D2584, DMNH D2585, DMNH D2586, DMNH D2587, DMNH
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D2588, DMNH D2589, DMNH D2590, DMNH D2591, DMNH D2593, DMNH D2594,
DMNH D2595, DMNH D2598, DMNH D2599, DMNH D2600, DMNH D3419.
Type locality: Lujiatun Village, near Beipiao City, Liaoning, China; Lujiatun beds,
lowest part of the Yixian Formation; Barremian, Early Cretaceous (He et al., 2006).

2.4.1. The three primary Lujiatun psittacosaurid taphomorphotypes
The morphometric grouping of Lujiatun psittacosaurid specimens into a single
cluster in morphospace also supports the interpretation of all Lujiatun psittacosaurids
representing a single species. The variability across the PCA cluster is largely based on
taphonomic deformation of the skull (Figure 2.4), which can be seen in wireframe
reconstructions (Figure 2.5). Considering that a number of the characters applied to each
of the Lujiatun psittacosaurs are influenced by taphonomic deformation, we refer to each
nominal Lujiatun psittacosaur species as taphomorphotypes rather than as separate
biological species. Each taphomorphotype is based on the holotype specimens of its
proposed species (P. lujiatunensis = ZMNH M8137; P. major = LHPV1;
Hongshanosaurus = IVPP V12704) (Figure 2.5).
The P. lujiatunensis taphomorphotype is relatively undistorted in comparison with
other Psittacosaurus skulls examined. This is demonstrated by its location near the
consensus shape in all PC plots (Figure 2.4) as well as overall morphology. Therefore,
the P. lujiatunensis taphomorphotype can be used as a baseline for examining other taxa.
In contrast, the paratype ZMNH M8138 groups further from the mean due to some
dorsoventral crushing confined especially to the caudal aspect of the skull. This causes it
to group outside of the 95% confidence intervals for the mean of PC3, which is primarily
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characterized by asymmetric dorsoventral crushing. In spite of the fact that ZMNH
M8137 and ZMNH M8138 are both P. lujiatunensis (Zhou et al., 2006), they group in
widely different regions of the morphospace and ZMNH M8138 is more characteristic of
the Hongshanosaurus taphomorphotype rather than the P. lujiatunensis taphomorphotype
(Figure 2.5).
The P. major taphomorphotype is laterally compressed giving a tall skull relative
to its width (Figure 2.5). Both highly positive PC1 and PC2 axes represent mediolateral
compression in the form of the P. major taphomorphotype. LHPV1 plots in the far right
corner of the PC1–PC2 plot and has both a highly positive PC1 and PC2 score (Figure
2.4A). You et al. (2008) describe an additional specimen of P. major, CAGS VD04,
which was not included in this dataset, but that also had a tall, laterally compressed skull.
The attribution to P. major of this specimen demonstrates the importance of
characterizing taxa on the basis of non-taphonomic characters. DMNH D2590 presents an
even more extreme form of mediolateral compression and plots further into this region of
the morphospace than the P. major taphomorphotype. This skull shares the
compressional characters of P. major such as the transversely narrow skull roof and
lateral temporal fenestra shape, but has no clear apomorphies distinguishing it from
ZMNH M8137.
The Hongshanosaurus taphomorphotype is represented by a dorsoventrally
compressed skull with an elongate rostrum. IVPP V12704 is outside the confidence
interval for PC1 and PC3 (Figure 2.4B). The strongly negative PC1 and PC3 axes are
both characterized by dorsoventrally crushed skulls. Many of the features caused by
dorsoventral compression in this taxon were extreme enough that they were interpreted as
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autapomorphies of a new genus (You et al., 2003) demonstrating the importance of
understanding taphonomic distortion in a wide range of specimens of closely related
animals when possible.
The adult specimen of Hongshanosaurus (IVPP V12617) plots in a different
region of the morphospace from IVPP V12704 in PC1, PC2, and PC3, but in the same
region for PC4 (Figure 2.4). IVPP V12617 does not represent the Hongshanosaurus
taphomorphotype as it is dorsoventrally crushed differently from IVPP V12704 (Figure
2.5). IVPP V12704 is completely dorsoventrally crushed to the same degree in all regions
of the skull (Sereno, 2010), whereas IVPP V12617 is crushed primarily in the caudal
aspect of the skull exaggerating the relative size of the rostrum while the rostrum itself is
not strongly compressed. The deformation of IVPP V12617 caused the presence of all of
the characters of Hongshanosaurus (You and Xu, 2005) without causing it to plot with
the Hongshanosaurus taphomorphotype. IVPP V12617 plots as slightly negative on PC1
suggesting that it is neither strongly dorsoventrally crushed on the rostrum or
mediolaterally crushed. It plots on opposite ends of the morphospace from IVPP V12704
in both PC2 and PC3. IVPP V12617 plots with a negative PC2 together with ZMNH
M8138 because of the tall rostral aspect of the skull relative to the caudal aspect. IVPP
V12617 plots on the positive PC3 axis due to having a tall rostrum and compressed
caudal aspect. Though the positive PC3 axis preferentially shows crushing on the right
side of the skull, IVPP V12617 is reasonably symmetric.

2.4.2. Application of morphometrics in dinosaurian paleontology
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Morphometrics has been widely used in biology and paleontology in order to
understand sexual dimorphism, individual variation, and interspecific variation. In spite
of the application of traditional morphometrics to dinosaurs early in the development of
the field of morphometrics (Dodson, 1975; 1976; 1993; Chapman et al., 1981; Coombs,
1978), 2D geometric morphometrics has only recently been applied to dinosaur
paleobiology in order quantitatively assess variation (Dodson, 1993; Bonnan, 2004;
Campione and Evans, 2011; Brusatte et al., 2012). In spite of the obvious advantages of
2D geometric morphometrics to traditional morphometrics in the replication of results,
removal of observer bias, and higher statistical power (Rohlf, 1990; 1998; 1999; 2002), it
is most useful when applied to objects that have a reasonably flattened surface (e.g.
footprints (Azevedo Rodrigues and Faria dos Santos, 2004); trilobites (Sheets et al.,
2004); leaves (Viscosi et al., 2009)), such that depth between landmarks does not create a
source of error. It is not well suited for studies on complex three–dimensional shapes
such as skulls (Zelditch et al., 2004). For these objects, 3D geometric morphometrics is a
logical extension, as this study demonstrates.
3D geometric morphometrics cannot be directly applied to cladistic analyses,
since quantitative characters tend not to allow delineation of taxa as accurately as
qualitative characters (Zelditch et al., 2004). This is partially due to the taphonomic
component of many character states (Tschopp et al., 2013). Therefore, when examining
interspecific variation using geometric morphometrics it is necessary also to analyze
qualitative characters separating taxa. Combining these two approaches creates a
powerful analytical tool for determining variation among closely related taxa.
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Studies on extant and recently extinct forms do not have the issue of taphonomic
distortion. However, extinct forms and especially forms from deep time such as dinosaurs
often have a substantial degree of taphonomic distortion (Ross, 1978; Dunlavey et al.,
2004; Angielczyk and Sheets, 2007; Arbour and Currie, 2012). In the case of this study as
well as most studies employing geometric morphometrics on dinosaurs, taphonomic
distortion is likely to be a large factor affecting variation. Therefore, it is paramount to
understand this important limitation when using this technique. This study also calls into
question the usefulness of proportional characters in spite of their quantitative nature. P.
major was considered to have a distinctive shape of its lateral temporal fenestra
compared to other species of Psittacosaurus (Sereno et al., 2007). However, variation in
this shape and proportion vary on different sides of the same skull (as in ZMNH M8137).
The wide variability of these forms is clear in Psittacosaurus across a spectrum of skulls
in a large sample size. However, such variability is not clear in species that are based on a
single specimen. Even in extant animals, it has been shown that qualitative characters are
more effective at distinguishing taxonomic groups (Zelditch et al., 2004). Therefore, the
use of proportional characteristics in cladistic analyses should only be done in samples
where taphonomic deformation is not a factor.
Arbour and Currie (2012) recently presented a method for retrodeforming
ankylosaur skulls using finite element analysis. Though this technique was capable of
reinflating ankylosaur skulls to their presumptive original shapes, the large amount of
deformation in some psittacosaurid skulls suggests that this technique would only work
for moderately deformed specimens. Additional studies on retrodeformation suggest that
although many retrodeforming techniques create a greater degree of bilateral symmetry in
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samples, they do not reinflate objects to their original proportions (Angielczyk and
Sheets, 2007; Tschopp et al., 2013). Though we interpret ZMNH M8137 as reasonably
undistorted based on its location in the morphospace, it still displays small-scale
taphonomic deformation. It is not possible to know for sure that this skull shape was
definitively the shape that P. lujiatunensis had in life. Large amounts of taphonomic
distortion were present in some samples, such as IVPP V12704 and DMNH D2590,
which were only vaguely reminiscent of the original skull shape. When deformation is
extreme, Arbour and Currie’s (2012) technique would be less effective since there is a
larger amount of uncertainty in the reconstruction. Therefore, we did not attempt to apply
retrodeforming techniques to our sample, but instead quantified the degree of taphonomic
variation in the sample.
In spite of the difficulty of using 3D geometric morphometrics alone to
understand interspecific variation, it can be effectively used to determine the amount of
shape variation in a given sample. Using this technique it is possible to examine whether
species with widely disparate shapes such as P. sibiricus (Averianov et al., 2006) or other
basal ceratopsians such as Yinlong (Xu et al., 2006), Archaeoceratops (Dong and Azuma,
1997; You and Dodson, 2003), and Auroraceratops (You et al., 2005) plot within the
same confines of the Lujiatun psittacosaurid cluster or outside of that cluster thereby
adding intergeneric variation to the currently defined morphospace. It is clear that at
some point intergeneric variation will swamp taphonomic distortion as species become
more and more disparate in shape. Quantifying the degree to which intergeneric variation
swamps taphonomic variation will be an important future study before applying this
technique further.
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2.5. Conclusions
It is evident from a reanalysis of characters and placement within a 3D geometric
morphometric morphospace that the three Lujiatun psittacosaurids, P. lujiatunensis, P.
major, and Hongshanosaurus are synonymous in spite of demonstrating seemingly
distinctive shapes. Each nominal species represents a unique taphomorphotype (Figure
2.5). 3D geometric morphometrics has been used as a powerful tool for determining
interspecific variation in shape in extant samples, but defines a single grouping within a
taphomorphospace in this sample due to the high variability in the degree of taphonomic
distortion of the studied skulls. The radical differences in shape among the conspecific
sample of Lujiatun psittacosaurids demonstrate the potential for dramatic differences in
intraspecific shape in extinct animals from deep time. This has implications for a high
degree of shape variation in other dinosaurian samples as well, likely also due to
taphonomic distortion. Based on these results, it is not likely that 3D geometric
morphometrics will be capable of distinguishing taphonomically distorted specimens on
the species level without employing retrodeformational techniques. This study represents
the first attempt at quantification of variation in dinosaurs using 3D geometric
morphometrics. Given the tremendous potential of this method, there are an endless
number of applications to dinosaurian paleobiology. Future studies will determine when
skull shapes in Psittacosaurus are different enough to stand in a morphospace as distinct
species without being swamped by taphonomic distortion.
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Figure 2.1: Landmark locations: The locations of the 3D landmarks are presented here
in (A) dorsal and (B) lateral views on ZMNH M8137. Since the landmarks were not
reflected on either side of the skull, the left lateral landmarks have different landmark
numbers than the right lateral landmarks. A 3D model of the skull of ZMNH M8137 is
included in the supplemental (Hedrick and Dodson, 2013) for reference. Scale = 50mm.
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Figure 2.2: Euclidean distance error test: Euclidean distances were calculated for PC14 for all 28 specimens and the 10 additional error specimens (LHPV1). The error
specimens all grouped together with no overlap from other specimens.
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Figure 2.3: Allometric Analysis: By plotting centroid size against each principal
component, it is possible to determine if there is any allometric effect on the PCA. R2
values are low between all PCs and centroid size.
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Figure 2.4: Psittacosaurid taphomorphospaces: Each taphomorphospace is generated
with principal component axes. Blue bowties= P. lujiatunensis. Green squares= P. major.
Red diamonds= Hongshanosaurus. Orange circles= P. sp. Gray circles represent 95%
confidence ellipses of the mean of all specimens. Wireframes for each principal
component axes are presented next to their respective principal component axis. Each
wireframe was generated on each respective axis. (A) PC1 x PC2, (B) PC1 x PC3, (C)
PC1 x PC4, and (D) PC2 x PC3.
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Figure 2.5: Psittacosaurid wireframes: Wireframes generated from craniometric
landmarks in morphologika2 showing taphonomic deformation in rostral (top) and lateral
(bottom) views for (A) ZMNH M8137, (B) LHPV1, (C) IVPP V12704, (D) ZMNH
M8138, and (E) IVPP V12617. These wireframes were created in the PC1 x PC2
morphospace. A-C each represents a different taphomorphotype of P. lujiatunensis.
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Table 2.1: A list of the 56 landmarks collected with descriptions. Landmarks 17, 18,
21, 36, 39, 43, 44, 45, 46, 48, 49, and 50 were not used in the PCA. Landmarks 8, 11, 15,
16, 20, and 22 were not reflected onto the left side of the skull since they were missing in
specimens DMNH D2156 and DMNH D1882.
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Table 2.2: List of characters used to describe each Lujiatun psittacosaurid species.
A number of characters are seen in multiple species, are taphonomically variable and are
not true characters, or are seen gradationally across a large sample set of Lujiatun
psittacosaurids suggesting that the absolute seen in any particular specimen is not a
character separating species, but is an extreme on the end of a gradual continuum. 1 = P.
lujiatunensis, 2 = P. major, 3 = Hongshanosaurus, 4 = Characters gradationally variable
among 25 Lujiaun P. sp studied, 5 = Taphonomically variable characters.
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Table 2.3: Principal Components and Eigenvalues. All 28 principal components and
their associated eigenvalues can be found in Table S5 in File S1 of Hedrick and Dodson
(2013).
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CHAPTER 3: Diagenetic deformation and its impact on shape: A geometric
morphometric approach to assessing the magnitude of deformation on fossils using
fluctuating asymmetry
Previously submitted as:
*

Hedrick, B. P., Lynch, E. R., and Dodson, P. In Review. Diagenetic deformation and its
impact on shape: A geometric morphometric approach to assessing the magnitude of
deformation on fossils using fluctuating asymmetry. Evolution.
Abstract:
Diagenetic deformation is a major issue affecting all paleontological studies that
incorporate fossil morphology, particularly those using geometric morphometrics. While
geometric morphometrics is a powerful quantitative technique for analyzing shape, it is
not easy to parse out shape information related to diagenetic distortion from true biologic
shape. In order to better understand the magnitude of the effect of diagenetic distortion on
fossil geometric morphometric studies, we evaluated asymmetry in left – right pairs of
bilaterally symmetric bones of the fossil dinosaur Psittacosaurus lujiatunensis that have
undergone moderate diagenetic deformation and the extant bird Buteo jamaicensis, which
expresses only original biologic asymmetry. We evaluated the effect size of fluctuating
asymmetry using geometric morphometrics and calculated the Riemannian shape
distances between left and right landmark configurations for each element. Left – right
asymmetry accounted for 30–45% of the total variation in the Psittacosaurus sample, and
the Riemannian distances between left and right landmark configurations were 2–7 times
larger in Psittacosaurus than Buteo. Although geometric morphometrics is an important
technique for understanding shape changes in fossil taxa, it is necessary to evaluate these
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data in the context of diagenetic deformation and to avoid wholly attributing observed
shape variation to true biologic shape.

3.1. Introduction
Geometric morphometrics has been widely used in both biology and vertebrate
paleontology since the geometric morphometrics revolution of the late 1980s and early
1990s (Rohlf and Bookstein, 1990; Bookstein, 1991; Corti, 1993; Rohlf and Marcus,
1993). Two-dimensional geometric morphometrics (2D GM) has since been used to
quantify differences in shape for a range of fossil taxa, including dinosaurs (Bonnan,
2004; Chinnery, 2004; Brusatte et al., 2012), and more recently three-dimensional
geometric morphometrics (3D GM) has been applied to fossil studies to better investigate
complex structures (Terhune et al., 2007; Van Heteren et al., 2009; Tallman, 2012;
Hedrick and Dodson, 2013). In the context of paleontology, geometric morphometrics
permits a holistic, statistical comparison of biologically relevant shape data, which can
elucidate such factors as functional morphology, locomotion, and general evolutionary
trends across extinct taxa (Slice, 2007; Mitteroecker and Gunz, 2009; Zelditch et al.,
2012).
All fossils have undergone some degree of diagenetic deformation that can warp
primary biologic shape as a result of thousands to millions of years of burial and tectonic
processes (Ross, 1978). Diagenesis can alter fossils mineralogically (Anné et al., 2014
and references therein) or physically by compression, extension, or shearing, thereby
modifying shape (Arbour and Currie, 2012; Hedrick and Dodson, 2013). Numerous
studies have aimed to retrodeform fossils to reduce diagenetic deformation or evaluate
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diagenetic deformation itself in fossil organisms, primarily by using stress and strain
vectors (Cooper, 1990; Motani, 1991; Hughes and Jell, 1992; Ponce de León and
Zollikofer, 1995; Ogihara et al., 2006; Srivastava and Shah, 2006; Angielczyk and
Sheets, 2007; Tschopp et al., 2013). However, the impact of diagenetic deformation has
often not been considered in geometric morphometric studies, and previous research has
assumed that shape data garnered from geometric morphometrics is strictly biologic in
nature (Dodson, 1993; Bonnan, 2004; Chinnery, 2004; Campione and Evans, 2011;
Brusatte et al., 2012). This was noted by a recent intraspecific 3D GM study of the basal
ceratopsian Psittacosaurus in which the position of specimens in morphospace was
largely controlled by diagenetic deformation, to the extent that biologic shape
information could not accurately be interpreted (Hedrick and Dodson, 2013).
In order to evaluate the proportion of shape information that can be attributed to
diagenetic deformation in geometric morphometric studies, we implement the fluctuating
asymmetry (FA) method, typically used to investigate developmental instability in extant
animal populations. A consistent phenotype across a population can be achieved both by
canalization, the ability of the population to produce the same phenotype regardless of
environment or genotype, and developmental stability, the degree to which an individual
organism can buffer against developmental noise that may occur during growth (Mardia
et al., 2000; Klingenberg et al., 2002; Leamy and Klingenberg, 2005; Willmore et al.,
2005; Dongen, 2006; Zelditch et al., 2012). Developmental instability is the opposite of
developmental stability and is measured by quantifying random deviations from bilateral
symmetry within individuals. These deviations are quantified using fluctuating
asymmetry, the random left – right shape disparity expressed by individual organisms.
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High levels of fluctuating asymmetry indicate a high degree of developmental instability.
This is in contrast to directional asymmetry, which is the tendency for particular patterns
of bilateral asymmetry to be consistently expressed by all individuals in a population
(Zelditch et al., 2012). Though FA was originally developed using traditional
morphometrics, Klingenberg and McIntyre (1998) integrated FA into a geometric
morphometric framework allowing for more complex analyses using GM principles.
Geometric morphometrics is much more powerful than traditional morphometrics
because the actual shape of a structure is retained within landmark configurations, the
analysis can be readily replicated so long as landmark files are published, error in placing
particular landmarks as well as entire landmark configurations can be measured, and
landmark data can easily be subjected to robust statistical analyses (Zelditch et al., 2012).
Here we measure the amount of diagenetic shape deformation present in fossil
geometric morphometric studies by measuring fluctuating asymmetry in the extinct
dinosaur Psittacosaurus in comparison with that of the extant Red-tailed hawk, Buteo
jamaicensis. Having undergone no burial or deformation, the Red-tailed hawk presents
only biologic left – right asymmetry, while the bilateral asymmetry of Psittacosaurus is
influenced both by biologic development and postmortem diagenesis. Using the Redtailed hawk as a baseline for expected levels of biological asymmetry, it is possible to
quantify the difference in left – right asymmetry between Psittacosaurus and Buteo,
giving a magnitude of diagenetic impact on the geometric morphometric study. In
addition, we evaluate whether flatter, more gracile elements exhibit higher or lower
diagenetic deformation than robust elements.
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Institutional Abbreviations: DMNH – Delaware Museum of Natural History,
Wilmington, DE; DMNHD – Dalian Museum of Natural History, Dalian, China; IVPP –
Institute of Paleontology and Paleoanthropology, Beijing, China; LH – Long Hao
Institute for Paleontology, Hohhot, China; LPM – Liaoning Provincial Museum,
Shenyang, China; PKUP – Peking University, Beijing, China.

3.2. Materials and Methods
3.2.1. Materials
All fossil materials are from the Lujiatun beds of the Yixian Formation in
Liaoning, China. We have digitized images of twenty-one Psittacosaurus lujiatunensis
specimens including the holotype (ZMNH M8137). See Table S1 (Hedrick et al., in
review) for a complete specimen list. We limited our study to the Lujiatun beds of the
Yixian Formation to remove geographic and temporal effects that may influence shape in
Psittacosaurus. Further, the only Psittacosaurus species from the Lujiatun beds is P.
lujiatunensis (Hedrick and Dodson, 2013), eliminating potential interspecific variation in
shape. The majority of characters defining Psittacosaurus species are cranial (Sereno,
2010). However, Sereno and Chao (1988) suggested that variation in the ilium of
Psittacosaurus is diagnostic at the species level for P. xinjiangensis; thus it is critical for
our purposes that our sample be intraspecific. We could not include several
Psittacosaurus specimens from the Lujiatun beds in this study because they are either
currently under restudy (PKUVP 1053, 1054; IVPP V14341) or were behind glass or
mounted and could not be photographed in the correct orientation for a rigorous 2D GM
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study (see Erickson et al., 2009, table 1 for the LPM specimen list on display as of this
publication).
Buteo jamaicensis specimens used in this study are reposited at the Delaware
Museum of Natural History. Both males and females were used so as to not limit sample
size, but juvenile specimens were excluded. All specimens used in the study are listed in
Table S1 (Hedrick and Dodson, in review). Although we employ 2D geometric
morphometrics, we have included surface scans of one specimen each of Psittacosaurus
and Buteo to allow the reader to evaluate their shape in a 3D environment. Scans are
included in the supplemental information and can easily be visualized using the GNU
software MeshLabTM (MeshLab, Visual Computing Lab - ISTI - CNR http://meshlab.
sourceforge.net/) (Multimedia S1–8).

3.2.2. Methods
Images of the left and right scapulae, humeri, ilia, and femora of both P.
lujiatunensis and B. jamaicensis were captured using a Canon Powershot G10 digital
camera. All photographs were taken by BPH to preclude inter-observer error. Because
camera distortion can cause error in image analyses such as 2D GM (Zelditch et al.,
2012), we photographed all specimens on grid paper and confirmed that the grid squares
were the same size across the image. We digitized landmarks and semi-landmarks on all
images in tpsDig2 (Rohlf, 2005). In general, landmarks are defined as discrete anatomical
loci, whereas semi-landmarks represent curves. Though landmarks carry a larger amount
of information and are more repeatable than semi-landmarks, semi-landmarks are often
important in studies where it can be difficult to define a large number of landmarks and
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thus difficult to capture complex shapes using only discrete anatomical loci (Bookstein et
al., 1999). Landmark definitions and type (based on Bookstein, 1991) used in our study
are listed in Table S2 (Hedrick et al., in review).
Some information is lost when digitizing three-dimensional objects in twodimensions due to potential error along the z – axis. To counter this phenomenon and
more completely capture the three-dimensionality of our specimens, we digitized certain
elements in multiple orientations: humeri in cranial (Psittacosaurus: 6 LMs, 33 S-LMs;
Buteo: 7 LMs, 41 S-LMs), medial (Psittacosaurus: 4 LMs, 25 S-LMs; Buteo: 7 LMs, 25
S-LMs), and caudal (Psittacosaurus: 5 LMs, 30 S-LMs; Buteo: 6 LMs, 40 S-LMs) views
and femora in cranial (Psittacosaurus: 5 LMs, 32 S-LMs; Buteo: 6 LMs, 30 S-LMs) and
caudal (Psittacosaurus: 5 LMs, 30 S-LMs; Buteo: 6 LMs, 20 S-LMs) views. We only
digitized scapulae (Psittacosaurus: 9 LMs, 40 S-LMs; Buteo: 5 LMs, 56 S-LMs) and ilia
(Psittacosaurus: 6 LMs, 41 S-LMs; Buteo: 6 LMs, 39 S-LMs) in lateral view because
their relatively flat shapes permit the majority of informative shape data to be captured in
two dimensions. To ensure consistency in specimen orientation, which was of particular
importance when diagenetic distortion was large, we defined one criterion per view by
which to orient each specimen in a systematic fashion. For scapulae, the distal blade was
oriented parallel to the camera’s plane of focus. For cranial and caudal humeral views,
the distal humeral condyles were positioned parallel to the camera’s plane of focus. For
the medial view, the humerus was rotated such that only the medial condyle was visible
in the photograph, except where the lateral condyle was larger than the medial condyle.
Ilia were positioned with the medial surface parallel to the camera’s plane of focus. For
cranial and caudal femoral views, the distal condyles were positioned parallel to the
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camera’s plane of focus. Further, left – right asymmetry is generally represented by small
shape changes, so it is necessary to show that the ability of the worker to accurately place
landmarks did not impact results and that the landmarks were repeatable (Klingenberg
and McIntyre, 1998). We placed our landmarks on each image three separate times on
different days to ensure that landmark placement was not a significant component of
error, affecting results. This error is represented by the error term in the multi-factor
ANOVA. Landmark files are available upon request and can be opened in the tpsDig2
GNU software (Rohlf, 2005).
Landmark configurations were superimposed using general Procrustes analysis
(GPA) in the R package geomorph (R Core Development Team, 2011; Adams and
Otárola-Castillo, 2013), which removes all information unrelated to shape through
translating, rescaling, and rotating the original coordinate data into the same shape space
(Zelditch et al., 2012). Translation removes two degrees of freedom from the data by
centering all landmark configurations at the origin. Rescaling to unit centroid size
eliminates another degree of freedom, and in 2D, rotation removes an additional degree
of freedom as it occurs on a single axis. Landmarks therefore contain 2K – 4 degrees of
freedom for 2D GM analyses, where ‘K’ is the number of landmarks. Semi-landmarks, in
contrast, contain ‘s’ degrees of freedom, where ‘s’ is the number of semi-landmarks.
Therefore, the total number of degrees of freedom in two-dimensions for morphometric
analyses employing both landmarks and semi-landmarks is 2K – 4 + s. After GPA, data
are considered to be in shape space and all information remaining is shape data (Zelditch
et al., 2012).
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There are two methods for sliding semi-landmarks to reduce distance between
specimens in shape space: bending energy and Procrustes distance (Perez et al., 2006;
Zelditch et al., 2012). There is no standard in GM studies for preferring one method to
the other and the resulting data are generally the same except in the case of very similar
shapes (Perez et al., 2006). We ran analyses using the Procrustes distance metric.
Additionally, we reran the analyses without sliding the semi-landmarks and again without
any semi-landmarks to determine if our use and treatment of semi-landmarks greatly
affected our results. All data presented in the main text of the manuscript describe shape
changes based on sliding semi-landmarks using the Procrustes distance criterion unless
otherwise noted. Other analyses can be found in the supplemental information (Table S3,
Hedrick et al., in review).
We used principal components analysis (PCA) to visualize specimens in shape
space. PCA is a dimension reduction analysis that takes multivariate shape data and
creates a new set of variables using linear combinations of the original variables such that
each axis is orthogonal to the others and describes progressively smaller percentages of
overall variation in the data (Zelditch et al., 2012). Given the difficulty in evaluating
multivariate data graphically, PCA is a powerful tool for exploring shape space. We used
the first two principal components (PCs) for shape space visualization.
We ran fluctuating asymmetry analyses separately for Psittacosaurus and Buteo
using our shape data. Statistical significance was evaluated using a multi-factor
Procrustes ANOVA (Klingenberg and McIntyre, 1998). The factors used were
“individuals”, which quantifies individual variation; “sides”, which quantifies directional
asymmetry; and “individual by sides”, which quantifies fluctuating asymmetry.
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Directional asymmetry in our study is the average left – right shape difference that is
exhibited by the entire sample, while fluctuating asymmetry evaluates variation in
bilateral asymmetry between individuals across the sample. We ran FA analyses using
the geomorph function bilat.symmetry (Adams and Castillo-Otárola, 2013). This function
outputs statistics for the multi-factor ANOVA as well as thin-plate splines for visualizing
directional asymmetry and fluctuating asymmetry. It also outputs the symmetric and
asymmetric components of variation in the landmark configurations. We used the η2:

η2 =

€

and ω2:

ω2 =

€

SS factor
SStotal

(SS factor − (df factor )(MSerror )
SStotal + MSerror

effect size metrics to calculate effect sizes for fluctuating asymmetry in each element.
These metrics give a percent of overall variation explained by each factor (Olejnik and
Algina, 2003). We also measured the Riemannian shape distance rho (Kendall, 1984)
between the left and right landmark configurations using the R package shapes (Dryden,
2012) as an additional metric of left – right disparity.
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3.3. Results
3.3.1. Sources of variation and exploratory analyses
!
Qualitative observation of superimposed landmark configurations revealed that
the Psittacosaurus bones presented a much larger amount of variation than those of
Buteo. The scapulae exemplify this relationship (Figures 3.1A; 3.2A), but the pattern is
true for all elements analyzed. This is evident in spite of the smaller sample size of
Psittacosaurus in comparison with Buteo. In order to determine the range and sources of
overall variation in our samples, we ran exploratory principal components analyses on
each shape dataset. The first two principal components (PC) of these analyses
consistently accounted for nearly half or more of the total shape variation, ranging from
48–76%. Supplemental Table S3 (Hedrick et al., in review) lists the first 10 PC standard
deviations and percentages of total variance for all elements analyzed. Based on the tight
clusters of triplicate replicates in principal components space and the low measurement
error statistic in the ANOVAs, measurement error is shown to be small for all elements.
Shape variation in our Psittacosaurus sample was generally characterized by
postmortem tectonic deformation that obscured original biologic shape. Such
morphospaces have been previously termed ‘taphomorphospaces’ due to the dominance
of taphonomic impact on specimen distribution in shape space (Hedrick and Dodson,
2013). The first principal component (PC 1) for the scapulae primarily demonstrated a
change in the orientation of the scapular blade, with negative PC 1 values associated with
an upturned blade and positive PC 1 values associated with a straight to downturned
scapular blade (Figure 3.1B). PC 1 for humeri in cranial view is characterized by
mediolateral deflection of the deltopectoral crest, with highly negative values associated
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with a medially inset deltopectoral crest and positive values with a laterally oriented
deltopectoral crest (Figure 3.3B). Similarly, the medial and caudal views of the humerus
are related to the positioning of the deltopectoral crest. Negative PC 1 values for the
medial view of the humerus correspond to a curved caudal border and a cranially
positioned deltopectoral crest (Figure 3.5B), while positive PC 1 values correspond to a
less curved caudal border with a caudally positioned deltopectoral crest (Figure 3.5B).
Negative PC 1 values for the caudal view of the humerus correspond to a more slender
and overall straighter humeral shaft with the deltopectoral crest hidden in caudal view
(Figure 3.7B). In contrast, humeri in caudal view with positive PC 1 values do present the
deltopectoral crest in caudal view and the medial and lateral edges of the humeri are more
curved (Figure 3.7B). Ilia with negative PC 1 scores tend to have a flattened dorsal
border, whereas those with positive PC 1 scores have a curved dorsal border (Figure
3.9B). The femur in cranial view has a more robust form and a straighter shaft at negative
PC 1 values, whereas femora with positive PC 1 values are more slender with a slightly
curved shaft (Figure 3.11B). The caudal view of the femur shows similar trends, with
femora scoring negative on PC 1 exhibiting a somewhat curved, slender shaft, while
femora with positive PC 1 values having a more robust, straight shaft (Figure 3.13B). It
was not possible to use semi-landmarks on the medial side of the femur in cranial or
caudal view as the fourth trochanter is only occasionally deflected medially enough to be
visible and semi-landmarks tracing this border when the trochanter is visible would not
be homologous with those tracing the border when the trochanter is not visible.
For Buteo, the scapula does not show major changes in the orientation of the
blade along PC 1 (Figure 3.2B). Negative PC 1 values are associated with a more robust
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distal scapular blade while scapulae with positive PC 1 values have a more slender
scapular blade. There are no major differences in the shape of the proximal scapula along
PC 1 with the glenoid and acromion being identical in shape even at the extremes of PC
1. The humerus in cranial view is very similar along PC 1, with only slight changes in the
position of landmark 3, the distal end of the deltopectoral crest. Landmark 3 is slightly
more laterally placed at negative values of PC 1 and more medially placed at positive
values (Figure 3.4B). The general curve of the lateral aspect of the humerus is very
similar at both extremes. Landmark 3 shows a circular scatter of points after GPA,
suggesting random variation rather than directional change as would be suggested by an
ellipsoid distribution. Specimens with negative PC 1 values for the humerus in medial
view are characterized by a slender, straighter shaft than specimens with positive PC 1
values (Figure 3.6B). Similarly, humerus shape change along PC 1 in caudal view is
related to a more slender versus robust shaft (Figure 3.8B). The ilium shows more
substantial modifications in shape along PC 1 with negative PC 1 values associated with
a sloping postacetabular process and positive PC 1 values with an erect postacetabular
process (Figure 3.10B). However, this latter extreme morphology is only displayed by a
single specimen and is separated from the rest of the specimens in morphospace. This
outlier can also be seen in the GPA landmark configuration (Figure 3.10A). The femur in
cranial view presents negligible variation along PC 1, though the proximal end is slightly
wider mediolaterally at positive values of PC 1 than at negative values (Figure 3.12B).
Finally, femora in caudal view with negative PC 1 values have a less curved medial shaft
than specimens with positive PC 1 values (Figure 3.14B).
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3.3.2. Magnitudes of deformation (Fluctuating asymmetry and Riemannian shape
distances)
!
In order to evaluate bilateral asymmetry for the Psittacosaurus and Buteo
samples, we used fluctuating asymmetry analyses (Klingenberg and McIntyre, 1998) and
calculated the Riemannian shape distances between associated left and right landmark
configurations (Kendall, 1984). We used the eta-squared and omega-squared effect size
metrics to determine the difference in magnitude of fluctuating asymmetry between the
two species. Using these two methods in tandem allows for a more complete picture of
how much greater left – right differences exhibited by the diagenetically distorted
Psittacosaurus are in comparison with those of Buteo. Further, using the geomorph
package (Adams and Otárola-Castillo, 2013), it is possible to visualize fluctuating
asymmetry as a TPS grid to qualitatively evaluate warping.
Both Psittacosaurus and Buteo scapulae present significant fluctuating asymmetry
(p < 0.001) (Table S1), but the effect size of fluctuating asymmetry is higher in
Psittacosaurus (η2 = 0.322; ω2 = 0.321) than in Buteo (η2 = 0.109; ω2 = 0.106). Further,
the Riemannian shape distances between the left and right landmark configurations for
Psittacosaurus and Buteo scapulae shows that the Psittacosaurus scapulae have left –
right differences that are 3.12 times larger than Buteo (Table 3.1). Both Psittacosaurus
and Buteo humeri (cranial view) present significant fluctuating asymmetry (p < 0.001),
and the effect size of fluctuating asymmetry is higher in Psittacosaurus (η2 = 0.468; ω2 =
0.466) than in Buteo (η2 = 0.180; ω2 = 0.175), and the Riemannian shape distance
between the left and right landmark configurations is 2.51 times larger (Table 3.1).
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Psittacosaurus and Buteo both display significant fluctuating asymmetry (p < 0.001) for
the humerus (medial view). Psittacosaurus presents a larger effect size of fluctuating
asymmetry (η2 = 0.392; ω2 = 0.390) than Buteo (η2 = 0.260; ω2 = 0.255), and the left –
right distance between landmark configurations is 6.8 times larger (Table 3.1). For the
humerus (caudal view), both species present significant fluctuating asymmetry (p <
0.001). The effect size of fluctuating asymmetry is higher in Psittacosaurus (η2 = 0.358;
ω2 = 0.357) than Buteo (η2 = 0.152; ω2 = 0.145), and the distance between left and right
landmark configurations is 5.14 times larger (Table 3.1). Both species show significant
fluctuating asymmetry (p < 0.001) for the ilium with the effect size being larger in
Psittacosaurus (η2 = 0.333; ω2 = 0.33) than Buteo (η2 = 0.120; ω2 = 0.117), and the
difference between left and right landmark configurations is 3.14 times larger in
Psittacosaurus (Table 3.1). In the femur (cranial view) both species present statistically
significant fluctuating asymmetry (p < 0.001) with Psittacosaurus having an effect size
(η2 = 0.341; ω2 = 0.339) that is higher than Buteo (η2 = 0.15; ω2 = 0.142) and a left –
right Riemannian shape distance that is 1.85 times larger. For the caudal view of the
femur, both species present significant fluctuating asymmetry (p < 0.001), and
Psittacosaurus has an effect size (η2 = 0.291; ω2 = 0.289) higher than Buteo (η2 = 0.176;
ω2 = 0.166) and a left – right difference that is 1.5 times larger. When semi-landmarks are
not included, Psittacosaurus and Buteo present effect sizes and Riemannian shape
distances that are similar to those resulting from analyses in which semi-landmarks are
included (Table S3, Hedrick et al., in review).
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3.4. Discussion
Diagenetic modifications to fossils are a major hurdle for paleontologists to
overcome, whether they are strictly describing morphology, analyzing phylogeny, or
performing geometric morphometrics. Previous studies have applied retrodeformation
techniques to attempt to account for diagenetic deformation (Cooper, 1990; Motani,
1991; Hughes and Jell, 1992; Ponce de León and Zollikofer, 1995; Ogihara et al., 2006;
Srivastava and Shah, 2006; Angielczyk and Sheets, 2007; Tschopp et al., 2013; Tallman
et al., 2014). Such techniques range from simply averaging the two sides of bilaterally
symmetric structures (Mardia et al., 2000; Gunz et al., 2009) to complex algorithms such
as algorithmic symmetrization (Tallman et al., 2014). Although in theory
retrodeformation can preclude erroneous results when attempting to extract biologic data
from deformed fossils, the reflection of landmarks across a midline in artificially
deformed specimens has only been shown to create bilateral symmetry, not necessarily
recreate the original shape accurately (Angielczyk and Sheets, 2007; Tschopp et al.,
2013). As such, retrodeformation techniques potentially generate a new form of
erroneous data. While the deformed fossil shape is typically not the form the animal had
in life, evidenced by extreme left – right asymmetry presented in this study,
retrodeformation may actually be creating a novel bilaterally symmetric form that is just
as unrealistic (Tschopp et al., 2013). A complication to the assessment of original
biologic shape is the potential for deformation to occur symmetrically to both sides and to
be unrecognizable from original biologic shape (Tallman et al., 2014). Considering the
shortcomings of retrodeformation techniques, we attempted to quantify the amount of
deformation imparted by diagenesis on geometric morphometric studies using a
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diagenetically deformed dataset (Psittacosaurus) and compared the magnitudes of left –
right asymmetry of this dataset with a modern, undeformed dataset (Buteo) that preserves
only biologic asymmetry.
Psittacosaurus is an ideal animal with which to examine left – right asymmetry
among dinosaur fossils as it is one of the most specimen-rich dinosaur taxa and many
specimens have undergone minimal deformation (Sereno, 1987; Sereno, 2010).
Deformation in Psittacosaurus frequently manifests as slight plastic deformation rather
than intense plastic deformation or fracturing, which is common in dinosaur fossils.
Using Psittacosaurus crania, Hedrick and Dodson (2013) showed that even this slight
plastic deformation has the potential to drive the position of specimens in PC
morphospace. This appears to also be the case for Psittacosaurus postcranial elements.
Features such as the orientation of the scapular blade (upturned versus downturned)
would clearly not be related to biologic asymmetry in an intraspecific sample (Figure
3.1). The scapular blade must have a reasonably similar orientation within a taxon in
order to fit properly along the ribs, and yet the angulation of the scapular blade dominates
shape variation along PC 1, summarizing 45% of the total variance in the Psittacosaurus
scapulae here examined. The Buteo scapulae show less variation within individual
animals and even within the entire sample than Psittacosaurus.
The humerus of Psittacosaurus can also be used to demonstrate the impact of
diagenetic deformation on shape. In cranial view, the factor driving PC 1 (36.5% of the
total variance) is the orientation of the deltopectoral crest (Figure 3.3B). In the
specimens, it is possible to see that humeri that have been compacted craniocaudally fall
into one of two morphotypes: either the deltopectoral crest is compacted medially into the
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m. biceps groove or it is compacted laterally, expanding the groove. During life, the
deltopectoral crest presumably would point cranially, neither substantially medially nor
laterally, as can be seen on arguably less distorted specimens. Based on the fluctuating
asymmetry TPS grid (Figure 3.3D), the positioning of the deltopectoral crest strongly
differs between right and left sides of a single animal. This can also be seen in the medial
view of the humerus, which shows variation in morphospace from a highly curved form
(negative PC 1) to a flattened form (positive PC 1) (Figure 3.5B). Rather than reflecting
original biologic shape, the specimens with positive PC 1 values are actually highly
craniocaudally compressed where the caudal aspect of the humerus is nearly flat and the
deltopectoral crest is compressed inward. The expansion of the deltopectoral crest in
medial view is also highly different between right and left sides of single animals (Figure
3.5D). Such extreme variation in the deltopectoral crest in an intraspecific sample is
greater than what we would expect to be accounted for by primary intraspecific variation
and developmental left – right asymmetry and is more correctly attributable to diagenetic
modifications.
The effect sizes of fluctuating asymmetry and Riemannian shape distance
between left and right landmark configurations for Psittacosaurus in comparison with
Buteo are much higher for each element analyzed (Table 3.1). Higher magnitudes
observed in Psittacosaurus reflect diagenetic deformation that affected the left and right
sides differently. This illustrates an issue when using geometric morphometrics on
fossils: without retrodeforming specimens, the majority of shape variation controlling
specimen distribution in shape space is driven by diagenesis (Hedrick and Dodson, 2013).
Furthermore, given that the deformation is on the order of two to seven times larger based
!

72!

on comparisons of bilateral asymmetry from Psittacosaurus to Buteo, the effect of
diagenetic distortion on measurable shape variation calls into question whether it is
possible to use geometric morphometrics on fossils to interpret biological trends reliably.
Maiorino et al. (2013) suggested that diagenetic deformation impacts studies of 3D
geometric morphometrics more strongly than 2D geometric morphometrics. However,
the present study confirms that diagenetic signals are strong in 2D geometric
morphometric studies as well. Vertebrate bones are inherently 3D structures, often with
essential, characteristic shape that must be captured along the z – axis. It is likely that 3D
studies are more capable of detecting diagenetic signals given that they more fully
capture the three-dimensional complexity of 3D structures, whereas 2D geometric
morphometric studies may inadvertently make diagenetically deformed structures appear
biologically meaningful.
Though it is simple to explain the statistical significance of fluctuating asymmetry
and wide range of shapes in morphospace for Psittacosaurus in the context of diagenetic
deformation, we also recognize that fluctuating asymmetry was statistically significant
with moderate effect sizes for Buteo in every element we analyzed (Cohen, 1988;
Murphy and Myors, 2004). Many extant animals, now including Buteo jamaicensis, have
demonstrated statistically significant fluctuating asymmetry (Livshits and Kobyliansky,
1991; Klingenberg and McIntyre, 1998; Willmore et al., 2005; 2006), and it follows that
Buteo demonstrates some degree of developmental instability. Future studies focusing on
developmental anomalies that might be observed in the abundant skeletal collections of
East Coast North American birds may be able to better answer the question of why Buteo
presents detectable levels of developmental instability as measured by low to moderate
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effect sizes of fluctuating asymmetry (Cohen, 1988). Alternatively, this may be an
artifact of relatively small sample sizes for Buteo, which were deliberately kept small so
as to be comparable with the Psittacosaurus sample size. Several Buteo bones showed
marked differences in robusticity in morphospace (e.g., scapula) with robusticity being a
determining factor for position in morphospace. Though our Buteo sample included only
adults and represented a small size range, we did include both males and females under
the assumption that neither sex would show a higher degree of left – right variation than
the other. It is possible that the differences in robusticity reflect sexual dimorphism.
Future studies may unravel the influence of sexual dimorphism on shape in Buteo and
understand why this taxon has comparably high fluctuating asymmetry.
Some Psittacosaurus elements are more robust, such as the humeri and femora,
whereas others are more gracile and thin, such as the scapulae and ilia. Seemingly, the
more gracile elements would undergo a higher amount of deformation than the robust
elements since it takes less force to deform thin structures than thickened, robust ones.
However, our data for the Psittacosaurus elements do not support this hypothesis. In fact,
the element with the highest effect size of fluctuating asymmetry is the humerus (cranial
view) (~46% of total variation), whereas the scapulae and ilia have effect sizes ranging
from 32–33%. Similar trends are found for the Riemannian shape distance rho between
left and right landmark configurations. All Psittacosaurus elements are relatively small
by virtue of Psittacosaurus being a small dinosaur. Some of the largest of these animals
have estimated body masses of less than 35 kg (Erickson et al., 2009). Therefore, it is
likely that even though the humeri and femora are comparably more robust, the tectonic
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forces these specific fossils were exposed to were large enough to deform both the thin
and relatively thicker elements.
Some past workers have chosen to use semi-landmarks to evaluate fluctuating
asymmetry (Zelditch et al., 2008) while others have excluded them (Klingenberg and
McIntyre, 1998). We evaluated three separate cases in this study in order to determine
whether semi-landmarks had a strong impact on our data: including sliding semilandmarks, including non-sliding semi-landmarks, and excluding semi-landmarks (Table
S3, Hedrick et al., in review). Our results demonstrate that the amount of fluctuating
asymmetry as measured by effect sizes was comparable between the sliding semilandmark, non-sliding semi-landmark, and no semi-landmark datasets. This suggests that
it did not matter if semi-landmarks were sliding or not, or in fact whether semi-landmarks
were present at all. Potential problems with using semi-landmarks exist: there are
typically a much larger number of them than landmarks, leading them to potentially
dominate the results of the analysis; they have fewer degrees of freedom; and they are not
truly homologous in the same manner as landmarks (Zelditch et al., 2012). In spite of
these caveats, using semi-landmarks is the only viable way to capture the overall shape of
a curved element and they are often necessary in analyses such as the current study.
Though including semi-landmarks did not generate different results in this analysis, it is
advisable to examine data in multiple ways when performing fluctuating asymmetry
analyses in case such discrepancies appear.
Although this study strongly suggests that the amount of deformation in
geometric morphometric studies of fossils has the potential to greatly skew results, it
admittedly only uses a single fossil taxon to evaluate levels of deformation.
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Psittacosaurus specimens and other animals from the Lujiatun beds of the Yixian
Formation were buried in volcaniclastic material. Their remains may have been affected
by lahars, fluvial processes, or pyroclastic flows (Jiang and Sha, 2007; Hedrick et al.,
2014a; Jiang et al., 2014) and they are roughly 120 million years old (Wang et al., 2001;
He et al., 2006). Presumably, many of these specimens were buried quickly, as evidenced
by a high frequency of skin and feather impressions, including on Psittacosaurus (Xu and
Norell, 2006; Zheng et al., 2009; Lingham-Soliar and Plodowski, 2010), demonstrating
exceptional preservation of the material, which is often not the case for fossil
preservation. The magnitudes of deformations presented in this study are limited to a
single taxon from a single depositional environment at a single time interval. In order to
fully document the impacts of diagenetic deformation on fossil shape studies, it will be
necessary to evaluate the magnitudes of deformation for different lithologies (e.g., shales,
sandstones) at different time intervals (e.g., Cenozoic, Mesozoic, Paleozoic) and with a
variety of taxa, particularly across a range of body sizes. Although such a study would
greatly clarify diagenetic impacts on geometric morphometric interpretations of fossil
shape, the present study demonstrates for the first time the need for such studies and
presents a potential method, fluctuating asymmetry, by which these investigations can be
carried out.
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Figure 3.1: Psittacosaurus Scapulae: (A) Psittacosaurus scapula showing landmarks,
semi-landmarks, and the resulting superimposition. (B) PCA of Psitttacosaurus scapulae
showing that the main change in shape is related to taphonomy. (C) The symmetric and
asymmetric shape component visualized as superimposed landmark coordinates
illustrating the deflection of the scapular blade as related to asymmetry. (D) Directional
asymmetry and fluctuating asymmetry visualized as TPS grids. (E) Multi-factor ANOVA
table displaying individual variation (individual), directional asymmetry (side),
fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.2: Buteo Scapulae: (A) Buteo scapula showing landmarks, semi-landmarks,
and the resulting superimposition. (B) PCA of Buteo scapulae showing that the main
shape change is related to slight variation in robusticity. (C) The symmetric and
asymmetric shape component visualized as superimposed landmark coordinates showing
minimal variation across all specimens for both types of symmetry. (D) Directional
asymmetry and fluctuating asymmetry visualized as TPS grids. (E) Multi-factor ANOVA
table displaying individual variation (individual), directional asymmetry (side),
fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.3: Psittacosaurus Humerus in Cranial View: (A) Psittacosaurus humerus
(cranial view) showing landmarks, semi-landmarks, and the resulting superimposition.
(B) PCA of Psitttacosaurus humeri (cranial view) showing that the main change in shape
is related to taphonomy. (C) The symmetric and asymmetric shape component visualized
as superimposed landmark coordinates illustrating the deflection of the deltopectoral
crest. (D) Directional asymmetry and fluctuating asymmetry visualized as TPS grids. (E)
Multi-factor ANOVA table displaying individual variation (individual), directional
asymmetry (side), fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.4: Buteo Humerus in Cranial View: (A) Buteo humerus (cranial view)
showing landmarks, semi-landmarks, and the resulting superimposition. (B) PCA of
Buteo humeri (cranial view) showing minimal shape changes related to differences in
robusticity. (C) The symmetric and asymmetric shape component visualized as
superimposed landmark coordinates and illustrating negligible variation. (D) Directional
asymmetry and fluctuating asymmetry visualized as TPS grids. (E) Multi-factor ANOVA
table displaying individual variation (individual), directional asymmetry (side),
fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.5: Psittacosaurus Humerus in Medial View: (A) Psittacosaurus humerus
(medial view) showing landmarks, semi-landmarks, and the resulting superimposition.
(B) PCA of Psitttacosaurus humeri (medial view) showing that the main change in shape
is related to taphonomy. (C) The symmetric and asymmetric shape component visualized
as superimposed landmark coordinates illustrating the deflection of the deltopectoral
crest. (D) Directional asymmetry and fluctuating asymmetry visualized as TPS grids
illustrating that fluctuating asymmetry is largely driven by the orientation of the
deltopectoral crest. (E) Multi-factor ANOVA table displaying individual variation
(individual), directional asymmetry (side), fluctuating asymmetry (individual x side), and
measurement error.
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Figure 3.6: Buteo Humerus in Medial View: (A) Buteo humerus (medial view)
showing landmarks, semi-landmarks, and the resulting superimposition. (B) PCA of
Buteo humeri (medial view) showing minimal shape change related to variation in
robusticity. (C) The symmetric and asymmetric shape component visualized as
superimposed landmark coordinates demonstrating minimal variation. (D) Directional
asymmetry and fluctuating asymmetry visualized as TPS grids. (E) Multi-factor ANOVA
table displaying individual variation (individual), directional asymmetry (side),
fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.7: Psittacosaurus Humerus in Caudal View: (A) Psittacosaurus humerus
(caudal view) showing landmarks, semi-landmarks, and the resulting superimposition.
(B) PCA of Psitttacosaurus humeri (caudal view) showing that the main shape change is
related to taphonomic distortion of the deltopectoral crest. (C) The symmetric and
asymmetric shape component visualized as superimposed landmark coordinates. (D)
Directional asymmetry and fluctuating asymmetry visualized as TPS grids illustrating
that fluctuating asymmetry is largely driven by the deltopectoral crest. (E) Multi-factor
ANOVA table displaying individual variation (individual), directional asymmetry (side),
fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.8: Buteo Humerus in Caudal View: (A) Buteo humerus (caudal view)
showing landmarks, semi-landmarks, and the resulting superimposition. (B) PCA of
Buteo humeri (caudal view) showing minimal shape change related to variation in
robusticity. (C) The symmetric and asymmetric shape component visualized as
superimposed landmark coordinates. (D) Directional asymmetry and fluctuating
asymmetry visualized as TPS grids illustrating some fluctuating asymmetry in the
orientation of the humeral head. (E) Multi-factor ANOVA table displaying individual
variation (individual), directional asymmetry (side), fluctuating asymmetry (individual x
side), and measurement error.
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Figure 3.9: Psittacosaurus Ilium: (A) Psittacosaurus ilium showing landmarks, semilandmarks, and the resulting superimposition. (B) PCA of Psitttacosaurus ilia showing
that the main change in shape is related to taphonomic deformation along the dorsal
aspect of the ilium. (C) The symmetric and asymmetric shape component visualized as
superimposed landmark coordinates. (D) Directional asymmetry and fluctuating
asymmetry visualized as TPS grids illustrating strong fluctuating asymmetry. (E) Multifactor ANOVA table dispalying individual variation (individual), directional asymmetry
(side), fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.10: Buteo Ilium: (A) Buteo ilium showing landmarks, semi-landmarks, and the
resulting superimposition. (B) PCA of Buteo ilia showing minimal changes across the
morphospace with the exception of a single outlier. (C) The symmetric and asymmetric
shape component visualized as landmark coordinates. (D) Directional asymmetry and
fluctuating asymmetry visualized as TPS grids illustrating strong fluctuating asymmetry.
(E) Multi-factor ANOVA table displaying individual variation (individual), directional
asymmetry (side), fluctuating asymmetry (individual x side), and measurement error.
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Figure 3.11: Psittacosaurus Femur in Cranial View: (A) Psittacosaurus femur (cranial
view) showing landmarks, semi-landmarks, and the resulting superimposition. (B) PCA
of Psitttacosaurus femora (cranial view) showing that the main change in shape is related
to taphonomic proximal rotation of the femoral shaft in some specimens, but straight in
others. (C) The symmetric and asymmetric shape component visualized as superimposed
landmark coordinates. (D) Directional asymmetry and fluctuating asymmetry visualized
as TPS grids illustrating strong fluctuating asymmetry. (E) Multi-factor ANOVA table
displaying individual variation (individual), directional asymmetry (side), fluctuating
asymmetry (individual x side), and measurement error.
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Figure 3.12: Buteo Femur in Cranial View: (A) Buteo femur (cranial view) showing
landmarks, semi-landmarks, and the resulting superimposition. (B) PCA of Buteo femora
(cranial view) showing minimal shape change related to variation in robusticity. (C) The
symmetric and asymmetric shape component visualized as superimposed landmark
coordinates. (D) Directional asymmetry and fluctuating asymmetry visualized as TPS
grids illustrating moderate fluctuating asymmetry. (E) Multi-factor ANOVA table
displaying individual variation (individual), directional asymmetry (side), fluctuating
asymmetry (individual x side), and measurement error.
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Figure 3.13: Psittacosaurus Femur in Caudal View: (A) Psittacosaurus femur (caudal
view) showing landmarks, semi-landmarks, and the resulting superimposition. (B) PCA
of Psitttacosaurus femora (caudal view) showing that the main change in shape is related
to taphonomic flattening and widening of some specimens and elongation of others. (C)
The symmetric and asymmetric shape component visualized as superimposed landmark
coordinates. (D) Directional asymmetry and fluctuating asymmetry visualized as TPS
grids illustrating moderate fluctuating asymmetry. (E) Multi-factor ANOVA table
displaying individual variation (individual), directional asymmetry (side), fluctuating
asymmetry (individual x side), and measurement error.
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Figure 3.14: Buteo Femur in Caudal View: (A) Buteo femur (caudal view) showing
landmarks, semi-landmarks, and the resulting superimposition. (B) PCA of Buteo femora
(caudal view) showing minimal shape change related to variation in robusticity. (C) The
symmetric and asymmetric shape component visualized as superimposed landmark
coordinates. (D) Directional asymmetry and fluctuating asymmetry visualized as TPS
grids illustrating moderate fluctuating asymmetry. (E) Multi-factor ANOVA table
displaying individual variation (individual), directional asymmetry (side), fluctuating
asymmetry (individual x side), and measurement error.
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Difference in Magnitude of Psittacosaurus and Buteo Asymmetry
Riemannian Shape
η2
ω2
Distance Rho
Scapula
3.12
21.25
21.45
Humerus (Cranial)
2.51
28.77
29.06
Humerus (Medial)
6.84
13.19
13.43
Humerus (Caudal)
5.14
20.65
21.25
Ilium
3.14
21.22
21.27
Femur (Cranial)
1.86
19.11
19.73
Femur (Caudal)
1.51
11.52
12.37
Table 3.1: Summary of fluctuating asymmetry metrics illustrating the greater degree of
random bilateral asymmetry exhibited by Psittacosaurus compared to Buteo. Riemannian
shape distance is presented as the resulting quotient from dividing the Riemannian shape
distance rho (the shape distance between associated left and right element) of
Psittacosaurus by those of Buteo. The effect sizes (η2, ω2) are presented as the difference
in effect size, reported as percentages, between the two species. Refer to Supplemental
Table 3 for Riemannian shape distances and effect sizes for each species and analysis. In
all cases, the metrics confirm that Psittacosaurus exhibits greater fluctuating asymmetry
than the extant Buteo, which in the context of our study quantitatively represents the
proportion of diagenetic distortion of shape present in the fossil sample.
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CHAPTER 4: The osteology and taphonomy of a Psittacosaurus bonebed assemblage of
the Yixian Formation (Lower Cretaceous), Liaoning, China
Previously published as:
Hedrick, B. P., Gao, C., Omar, G. I., Zhang, F., Shen, C., and Dodson, P. 2014. The
osteology and taphonomy of a Psittacosaurus bonebed assemblage of the Yixian
Formation (Lower Cretaceous), Liaoning, China. Cretaceous Research 51: 321–340.
Abstract:
We present the first detailed description of the osteology and mineralogy of an
assemblage of Psittacosaurus juveniles (DMNH D2156) associated with a larger
specimen from the Lujiatun beds of the Yixian Formation in Liaoning, China. We fully
describe all of the material as well as discuss intraspecific variation in the sample set of
twenty-four juveniles with associated postcranial material and compare with previously
described ceratopsian juvenile material. Based on the development of the ends of long
bones, it is suggested that the juveniles are not embryonic, but are post-hatchlings. In
comparison with previous histologic analyses on P. lujiatunensis, it is shown that the
large specimen associated with the juveniles is likely not yet an adult and that this
assemblage is not an exemplar of parental care, but may be an example of post-hatching
cooperation. The large specimen is, however, shown to be positively associated with the
assemblage and was not added on after excavation. Additionally, an allometric analysis
of Psittacosaurus bone lengths is performed in order to determine ontogenetic trajectories
and allometry using femur length as a proxy. This demonstrates that the vast majority of
long bones and girdle elements in Psittacosaurus are isometric with body size, but
supports previous analyses that the forelimb grew slower than the hindlimb. Finally, a
mineralogical analysis using x-ray diffraction and petrographic thin sections of the block
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where DMNH D2156 is preserved shows that the animals were preserved in a volcaniclithic arenite. The statistically significant alignment of specimens and preservation in a
volcanic rock suggests that the taphonomic setting and reasoning for the exceptional
preservation of the specimen is due to burial by a volcaniclastic debris flow. The vast
majority of specimens in the Yixian Formation are found in lacustrine strata, recently
suggested to be carried into lakes by pyroclastic debris flows. The preservation of DMNH
D2156 in a clastic flow further supports the volcaniclastic flow preservation model for
the fauna of the Yixian Formation, but we prefer a lahar flow interpretation for DMNH
D2156 since there is no evidence of the bone microstructure being affected by intense
heat associated with pyroclastic debris flows.

4.1. Introduction
Psittacosaurus is one of the most abundant dinosaurs yet documented with over
100 complete specimens from across Asia. These animals are exceptionally well known
from Liaoning, northeastern China and in particular, the Lujiatun beds of the Yixian
Formation (Zhou et al., 2006; Sereno et al., 2007; Sereno, 2010; Hedrick and Dodson,
2013) (Figure 4.1). The large number of Psittacosaurus specimens, not just from the
Yixian Formation, but also from all of Asia, has led to a significant amount of splitting of
taxa into fifteen species. Nine of these proposed species were considered valid in a recent
review (Sereno, 2010). In addition to the naming of taxa, the large number of specimens
has allowed inference on the biology of the animal (Erickson and Tumanova, 2000;
Lucas, 2006; Lu et al., 2007; Erickson et al., 2009; Lingham-Soliar and Plodowski, 2010;
Hedrick and Dodson, 2012) as well as the finding and description of exceptional
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specimens such as a large Psittacosaurus complete with 30 juvenile specimens (Meng et
al., 2004).
Like Psittacosaurus, Protoceratops was first discovered during the Central
Asiatic Expeditions (Granger and Gregory, 1923). These early Protoceratops finds were
associated with dinosaur eggs, and it was initially assumed that the eggs belonged to
Protoceratops (Granger and Gregory, 1923; Brown and Schlaikjer, 1940). Oviraptor
philoceratops (Osborn, 1924b), a medium sized theropod dinosaur, was also often
associated with these finds. In fact, the name Oviraptor philoceratops signifies ‘egg
seizer, fondness for ceratopsian eggs’ (Osborn, 1924b). It was thought to feed on the
“Protoceratops” eggs. This was one of the first documented occurrences of dinosaurs
associated with eggs. Only later was it discovered, based on embryonic evidence (Norell
et al., 1994; Norell et al., 2001) and an example of an Oviraptor brooding on a nest
(Norell et al., 1995) that the eggs actually belong to Oviraptor and not to Protoceratops.
Although there had been 75 years of speculation on ceratopsian nesting habits, the
discovery that the nests from Mongolia were not ceratopsian meant that in fact little was
known about ceratopsian nesting behavior. The recent discovery of groups of
Psittacosaurus juveniles (Meng et al., 2004; Zhao et al., 2007; Zhao et al., 2014) and a
group of Protoceratops juveniles (Fastovsky et al., 2011) in possible nesting structures
has changed this. However, the Psittacosaurus ‘nest’ does not appear to meet the criteria
for being termed a nest (Chiappe et al., 2004) and is better termed a bonebed or
assemblage (Rogers et al., 2007).
An exquisite specimen of Psittacosaurus (DMNH D2156) was briefly described
in 2004 from the Lujiatun beds of the Yixian Formation (Meng et al., 2004) (Figure 4.2).
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The Yixian Formation has been dated between 125Ma and 120Ma (Swisher et al., 1999;
2002; He et al., 2004; 2006). Specimens from the Yixian Formation are most often twodimensionally flattened and preserved in lacustrine strata (Ji and Ji, 1996; Xu et al.,
1999). However, a number of finds including DMNH D2156 and other Psittacosaurus
specimens (You and Xu, 2005; Zhou et al., 2006; Zhao et al., 2007; Sereno et al., 2007;
Hedrick and Dodson, 2013) and other dinosaurs (Xu et al., 2004) demonstrate that an
additional taphonomic preservational mode in the Yixian allows preservation in three
dimensions (Zhou et al., 2003; Meng et al., 2004). DMNH D2156 is composed of thirty
Psittacosaurus juveniles, all approximately the same size, associated with a large
Psittacosaurus in a single small bonebed. Despite the clear importance of this specimen,
it has only been published in a preliminary one-page paper (Meng et al., 2004). Coombs
(1980, 1982) and Sereno (2010) described and redescribed two juvenile psittacosaurs (P.
mongoliensis) in detail, but a new study of more complete juvenile psittacosaurs
including considerations from more recent work and discoveries is needed.
The current paper includes an osteological description and comparison of the
specimens of DMNH D2156 with other psittacosaurs and a complete description of the
mineralogy and taphonomic implications of DMNH D2156. The block itself is 600 mm
by 540 mm in size. The bonebed suggests juvenile care by larger psittacosaurs given the
association of the larger specimen (Meng et al., 2004). Many of these juveniles have
associated postcranial material, though the skulls are often the best preserved elements.
Based on the excellent preservation, it is evident that the animals were quickly covered
with sediment after death due to the specimen articulation and lack of scavenging.
Previous assessments have considered three possibilities: 1) rapid entombment by an
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ashfall, 2) clastic burial by the collapse of a burrow, or 3) rapid flooding of the area and
inundation of the dinosaurs (Meng et al. 2004). Meng et al. (2004) favored the
interpretation that they were buried by clastics rather than air-laid volcanics. Based on an
in-depth mineralogical analysis, the geology of the bonebed is shown to support the
hypothesis that the assemblage was preserved in a volcanic-lithic arenite suggesting
preservation via a volcaniclastic debris flow rather than by normal fluvial processes.
However, given the lack of stratigraphic information for the specimen, burial by normal
fluvial processes is still possible, albeit less likely.

Institutional Abbreviations: AMNH- American Museum of Natural History, New York,
USA; CAGS- Chinese Academy of Geological Sciences, Beijing, China. DMNH- Dalian
Museum of Natural History, Dalian, Liaoning, China; IVPP- Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, China; LHPV- Long Hao Institute for
Paleontology, Hohhot, Nei Mongol Autonomous Region China; MCP- Center of the
Mongolian Academy of Sciences, Ulan Baatar, Mongolia; ZMNH- Zhejiang Museum of
Natural History, Hangzhou, China.

4.2. Materials and Methods
4.2.1. Materials
This study centers on a detailed osteological and mineralogical description of an
assemblage of Psittacosaurus with thirty juvenile specimens and one larger skull with
associated postcranial material (DMNH D2156). A number of the juvenile specimens
preserve only a skull and are not completely embedded in the rock. The collectors
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purportedly took several small skulls from near the bonebed block and placed them on
the block after preparing them in order to enhance the “showiness” (or market value) of
the block (Specimens 3, 18, 21, 22, 24, 27) (Gao. C. pers. comm.). Therefore, no skull
without a skeleton in matrix can be positively associated with the block and these skulls
are not discussed further. However, even with this reduction, twenty-four juvenile
skeletons can be associated with the bonebed block as well as the large skull, which has
an associated partial right scapula, partial vertebral column, and ventral cranium
embedded in matrix, though most of the rest of the skeleton would have laid outside the
block and is not preserved. Additionally, the locality information for the specimen is
lacking and the specimen can only be referred to the Lujiatun beds of the Yixian
Formation (Figure 4.1). Exact locality and stratigraphic information is unfortunately
uncommon for many Lujiatun specimens, including DMNH D2156. Some preparation
was done at DMNH after the specimen was purchased, but the majority was done before
the specimen arrived at the museum.
A large number of additional Psittacosaurus and other basal ceratopsian
specimens were examined in order to provide an accurate description of DMNH D2156.
The majority of the examined Psittacosaurus skulls were also from the Yixian Formation
(n = 33) in addition to the thirty-one additional skulls in DMNH D2156. Specimens
outside the DMNH D2156 block, but still from the Yixian Formation include the
holotypes of P. lujiatunensis, P. major, Hongshanosaurus, P. meileyingensis, and the
holotype and several specimens of P. mongoliensis (Sereno et al., 1988; You et al., 2003;
You and Xu, 2005; Zhou et al., 2006; Sereno et al., 2007). An additional ten skulls were
examined from other localities primarily comprising holotype specimens (P.
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xinjiangensis, P. mongoliensis, P. gobiensis, P. ordosensis, P. sinensis, P.
mazhongshanensis, and P. neimongoliensis (Osborn, 1923; Young, 1958; Sereno and
Chao, 1988; Russell and Zhao, 1996; Xu, 1997; Sereno et al., 2009). Additionally, other
basal ceratopsians were examined for comparison with Psittacosaurus including Yinlong
downsi (IVPP V14530), Liaoceratops yanzigouensis (IVPP V12633; V12738),
Archaeoceratops oshimai (IVPP V11114; V11115), and Auroraceratops rugosus
(CAGS-IG-2004-VD-001) (Dong and Azuma, 1997; Xu et al., 2002; You et al., 2005; Xu
et al., 2006).

4.2.2. Methods
Rock samples of the Psittacosaurus assemblage (DMNH D2156) were collected
from four corners of the specimen in order to test whether the mineralogy of the samples
was the consistent across the block. The core holes were subsequently filled in with
plaster and painted so that the display quality of the specimen would not be compromised
(Figure S1, Hedrick et al., 2014a). After removal, samples were kept separate and then
sent to the National Petrographic Service where two thin sections were made from each
rock sample. One thin section per sample was cover-slipped and the other was not to
allow staining, as required. The remainder of each sample was subjected to x-ray
diffraction (XRD) analysis to determine the exact mineral constituents of the sample.
Thin sections show the spatial relationship of minerals relative to each other as well as
the general texture of the rock, but mineral constituents are determined by XRD (Klein
and Dutrow, 2008). Therefore, the best protocol is both to make thin sections and
perform XRD analysis.
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XRD is a method for mineral identification in which a powdered sample is put
under x-ray beams across a range of angles. Each mineral diffracts the x-ray beam at
different angles, which are then collected and quantified. By measuring the angle and
intensity of the diffracted beams, it is possible to determine mineral constituents (Warren,
1990). In order to perform XRD, the rock sample was first crushed into a fine powder and
the sample was run six times to ensure accuracy and repeatability of results.
XRD analyses were conducted at the University of Pennsylvania using a
Panalytical X’pert Pro instrument (45kV, 40mA) that is fitted with a copper anticathode
tube. In the first test, we ran five samples (Figure S2, Hedrick et al., 2014a), which were
scanned at a step size of 0.05º between 5.00 and 75.00º (2θ), λ 1.54055Å. The second test
ran one sample of the total sample against a standard at a step size of 0.05º between 10.00
and 75.00º (2θ), λ 1.54055Å. This was because the 5.00–10.00º step was considered
noise and not relevant to crystal structure based on the first test. The X’Pert software was
used to determine peak parameters.
To test whether or not there was a preferred orientation of juveniles indicative of a
clastic flow, a rose diagram was plotted. Since many of the specimens had a degree of
curvature to their bodies in death pose, trends of the bodies were taken based on the
average trend of the dorsal vertebral column. Twenty-one specimens were complete
enough to use this metric. Since the block had been removed from context, true north was
not known. The rostrocaudal axis of the large skull was arbitrarily used as a proxy for
north. Since the rose diagram is being used to determine relative alignment of specimens
to each other rather than angles at the time of deposition to evaluate possible preferred
orientation, it is not necessary to know north. The measurements were taken three times
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each in Photoshop CS5.1 using the angle measurement tool and averaged (Table S1,
Hedrick et al., 2014a). These angles were then entered into MATLAB (MathWorks,
2012) and the rose function was used in order to plot a rose diagram. MATLAB was also
used to conduct Rayleigh’s test to statistically test for a preferred alignment and to
calculate a mean alignment of specimens. Trauth (2010) presents a custom code for
performing Rayleigh’s test. Due to the fact that the data are axial in nature and do not
have a definitive direction (with 0º and 180º being equivalent), the angles were calculated
between 0º and 180º then doubled, as suggested by Mardia (1972) for dealing with axial
data (Table S1, Hedrick et al., 2014a). The Rayleigh’s test statistic was then calculated
using the doubled angles and significance was determined based on the Rayleigh’s test
critical value table presented by Mardia (1972) (Table S1, Hedrick et al., 2014a).
We took measurements of Psittacosaurus postcranial material from the
assemblage and from a large number of other Psittacosaurus specimens that preserved
complete or partial skeletons (Table S1, Hedrick et al., 2014a). The measurements were
taken using 300 mm Mitutoyo 500-173 digital calipers for straight measurements. No
bones that were measured were greater than 300 mm in length. Measurements were each
repeated three times to verify each value to within one tenth of a millimeter in order to
reduce the possibility of mis-measurement. This included 24 skull measurements
(rostrum to back of parietals), 32 scapulocoracoids, 44 scapulae, 43 humeri, 37 ulnae, 32
radii, 33 metacarpi (metacarpal III length), 28 ilia, 29 ischia, 48 tibiae, and 41 metatarsi
(metatarsal III). The elements were compared with the femur to evaluate allometry of
each bone to determine growth patterns (Table 4.1). The femur was chosen as it is
inferred to grow isometrically with body length (Anderson et al., 1985; Christiansen,
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1999; Christiansen and Fariña, 2004) and total body length was difficult or impossible to
measure in many of these specimens due to preservation. The line of best fit was plotted
for each element using reduced major axis (RMA) regression since both the x and y-axes
were subject to error. With both axes subject to error, model II regressions are preferred
to model I regressions (Sokal and Rohlf, 2011). The slope, 95% confidence intervals, and
R2 value of each line were recorded (Table 4.1; Figures 4.3A, C). RMA regressions were
done using the custom gmregress function in MATLAB (Mathworks, 2012), which was
written by Antonio Trujillo-Ortiz (www.mathworks.com/matlabcentral). Both sides of
specimens were used in the RMA regressions as taphonomic distortion of skeletons often
causes elements to be different lengths, especially in Psittacosaurus. Using both sides
likely increased the R2 values for the regressions, but led to the construction of more
accurate confidence intervals. Each bone was then evaluated for negative allometry (m <
1), positive allometry (m > 1) or isometry (m = 1). RMA regressions were fit to the data
and evaluated for accuracy of fit using the R2 value. We further recorded all
measurements of the specimens in the assemblage (Table 4.2) and generated box plots of
each bone total length to qualitatively evaluate variation among the juveniles (Figure
4.3B).

4.3. Results
4.3.1. Osteological Description
!
4.3.1.1. Large skull and postcranium
The large skull (DMNH D2156-L) is intermediate in size (basal skull length =
116 mm) for Lujiatun psittacosaurs (Hedrick and Dodson, 2013). The largest known
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specimens of P. lujiatunensis are 205 mm (ZMNH M8138) and 190 mm (ZMNH M8137)
and the smallest ones measure less than 30 mm. DMNH D2156-L is partially crushed
dorsoventrally, causing some proportional differences between this skull and undistorted
specimens (Hedrick and Dodson, 2013). The skull itself is mostly prepared out of matrix,
though is firmly attached to the substrate. The ventral portions of the skull, as well as the
mandibles, are still in matrix. The right side is more clearly visible than the left since
juvenile postcranial material (Specimen 5) is obscuring large portions of the left side,
especially along the orbit, maxilla, and jugal. The skull is wider than long, with
prominent jugal horns as in P. sinensis and P. lujiatunensis (Young, 1958; Zhou et al.,
2006; Sereno, 2010).
Recently, Zhao et al. (2014) claimed that the larger skull was added on to the
block based on having no sedimentary connection to the block and claimed that it “rests
loosely on top of that slab”. However, the ventral border of the skull and the left side of
the rostral skull are firmly embedded in matrix making it impossible to describe the
mandibles as only the dorsal borders are visible. Further, a juvenile specimen (Specimen
5) lies entirely in the orbit of the larger skull and the left side of the large skull
underneath the juvenile is embedded in matrix including the left maxilla, ventral
premaxilla, and rostral jugal. As Zhao et al. (2014) agreed the juveniles were not added to
the specimen based on their limbs being intertwined, it is here argued that the larger
specimen is also a legitimate part of the assemblage due to the juvenile limbs being
entwined with the skull. Additionally, the large skull is not above the layer of the
juveniles and is not ‘loosely’ associated with the block. The ventral mandibles are at a
lower level than the juveniles and the middle of the skull is at approximately the same
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level as demonstrated by the fact that specimen 5 has its right hindlimb in the orbit of the
large skull. The further evidence of a possible scapula and several articulated vertebrae
and ribs also confirm the association of the large specimen.
The rostral aspect of the skull is more poorly preserved than the caudal aspect
(Figure 4.4A). The sutures separating the nasals and prefrontals are not identifiable, and
the bones themselves are not well preserved since the outer surface of the bone is largely
destroyed. There is a lot of plaster along the dorsal rostrum, though some original bone
surface is present. Along the caudalmost nasals, the bone surface is depressed at a slight
angle due to taphonomic distortion. Generally, the skull of P. lujiatunensis is either flat
(ZMNH 8137) or slightly raised (CAGS VD04) in this region suggesting the dorsoventral
compression was most prominent at the caudal end of the nasals and less pronounced at
the rostralmost nasals (Figure 4.4B). The right prefrontal is broken into several pieces
and the exact sutures are not preserved. The caudal suture of the prefrontal with the
frontal is very clear on the left side of the skull and is just rostral to the caudal border of
the orbit. The right side is partially depressed giving the skull a shorter skull height at this
area on the right side than the better-preserved left.
The sutures between the nasals and premaxillae are clear on both sides of the
skull. The rostral is mostly embedded in matrix, but the suture with the right premaxilla is
partially visible. The bone on the left side is too fragmentary to delineate a clear suture.
The maxilla-jugal suture is not clear. Along the premaxilla, maxilla, and rostral ramus of
the jugal, a ridge extends caudodorsally. There is also a prominence on the rostral jugal
and caudal maxilla located just ventral to the middle of the orbit. This is a little too
caudally placed to represent a maxillary protuberance, which is generally located ventral
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to the rostral part of the orbit (Zhou et al., 2006; Sereno et al., 2007; Hedrick and Dodson,
2013). However, deformation of the orbit could have changed this relative placement.
The dorsoventral crushing appears to have given the orbits a greater length than
height (Figure 4.4D). This is also the case in ‘Hongshanosaurus’ (You et al., 2003; You
and Xu, 2005), but was shown in that case to be due to taphonomic distortion by Hedrick
and Dodson (2013). There is also a small emargination on the rostral aspect of each orbit
where the palpebral would articulate. Neither palpebral is preserved, as is common for
Psittacosaurus specimens of all sizes. The right orbit has a raised ventral rim, likely due
to dorsoventral compression, which resulted in an infolding of the jugal. The orbit is not
raised on any other aspect. The left orbit is not well preserved due to a juvenile lying on
top of it (Specimen 5) (Figure 4.4E). However, it seems to preserve the same proportions
and characters as the right orbit suggesting that the compression was equal on each side
of the skull.
The caudal part of the skull is less distorted than the rostral part and the majority
of the sutures are easily visible (Figure 4.4C). The suture between the frontals is
especially prominent and suggests a complete lack of fusion and subadult status. The
frontal-postorbital and frontal-parietal sutures are also clear. The postorbital has a clear
prominence on both sides as is seen in many psittacosaur skulls. The distal tip of the right
jugal horn is broken, but complete on the left side and both sides project laterally. The
jugal-quadrate and jugal-quadratojugal sutures are well preserved on both sides of the
skull and are located just dorsal to the ventral rim of the lateral temporal fenestra as in P.
lujiatunesis, but unlike ‘P. major’ (Zhou et al., 2006; Sereno et al., 2007; Hedrick and
Dodson, 2013). The flange on the quadrate is present on both sides of the skull, but is
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broken dorsally on the left side. The right side is less pronounced than the left. The
quadrate-squamosal suture is evident on the right side, though is poorly preserved on the
left side where the dorsal part of the squamosal is damaged. The ventral ramus of the
squamosal is broken on both sides of the skull as in many Psittacosaurus specimens, so
contact with the dorsal ramus of the quadratojugal cannot be determined.
Both lateral temporal fenestrae have similar proportions and are undeformed
(Figures 4.4D; 4.4E; Table S1, Hedrick et al., 2014a). They are slightly taller than long.
Hedrick and Dodson (2013) consider this the undeformed form in P. lujiatunensis. The
rostral ramus of the squamosal is partially ventrally compressed on the left side giving the
left fenestra a stouter appearance. The supratemporal fenestrae are subcircular and are
little deformed. The median parietal bar is wide and tall in comparison with other
specimens. The sagittal crest is well preserved and extends along the entire bar
suggesting limited dorsoventral compression.
The exoccipitals are similar in shape to the condition seen in other psittacosaurs
(Young, 1958; Sereno, 1987; You et al., 2008). The supraoccipital is partially covered in
matrix, but the sutures between the supraoccipital and exoccipitals are evident. The
foramen magnum is much wider than tall, rather than circular as in other specimens
(Sereno, 1987) suggesting that the middle to ventral aspect of the skull underwent some
compression (Figure 4.4C). The occipital condyle is partially broken on the ventral
aspect, but is slightly larger than the foramen magnum. The ventral aspect of the
braincase and the palate are unprepared and cannot be observed (Figure 4.4C). Similarly,
the basisphenoids and pterygoids are completely covered. Complete preparation is
necessary to fully describe these features, but based on the excellent preservation of many
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other psittacosaur skulls (Sereno, 1987; Zhou et al., 2006; Sereno et al., 2007; You et al.,
2008), we recommend that this skull be left in place in association with the juveniles so
that inferences can be made about the biology of Psittacosaurus (Meng et al., 2004).
Much of the internal surface of the skull is visible through the fenestrae and orbits
and has been completely prepared. The bone is very fragmentary rendering cranial nerve
identifications impossible (See Zhou et al., 2006; 2007 for complete description). The
prootics are visible on both sides of the skull through the supratemporal fenestrae. The
dorsal pterygoids and parasphenoids are visible through the orbits, but are poorly
preserved in comparison with previously described specimens so they are not discussed
here.
The caudal portions of both mandibles are visible, though the rostral portions are
completely embedded in matrix under the skull. The articular is visible in articulation
with the quadrates on both sides of the skull. The articular is broken on the left side of the
skull from the prearticular and angular. The dorsal half of the prearticular and the
surangular are visible on the left side. The opening for the internal mandibular fenestra is
visible just between the prearticular and the caudal part of the splenial. The mandibular
bones rostral to the internal mandibular fenestra are obscured on the left side. The right
side better preserves the caudal portions of the articular, angular, and prearticular than the
left side. However, the more rostral portions are covered in matrix. The lateral surangular
can be seen through the lateral temporal fenestra and is very fragmentary. Just ventral to
the right maxilla, there are some broken pieces of dorsal dentary, but matrix along the
tooth row obscures all of the teeth, as in the juvenile specimens.
In addition to the skull, there is a long bone or girdle element underneath the
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caudal aspect of the skull. The bone is not clearly identifiable but appears to be a right
scapula based on proportions and anatomical position. If so, the proximal end is
underneath the skull and the distal end is broken. Further, there are several poorly
preserved dorsal vertebrae and a number of dorsal ribs associated with the larger
specimen that remain largely embedded in matrix. Only the neural spines of two
vertebrae are evident. There are two clear ribs articulated to these two vertebrae on the
left side and two disarticulated ribs on the right. The left hindlimb of specimen 29 lies
directly on top of the neural spines further obscuring them. These elements, along with
the fact that the ventral aspect of the skull are completely embedded in matrix, suggest
the skull is associated with the assemblage and was not added after the specimen was
discovered (contra Zhao et al., 2014).

4.3.1.2. Juvenile skeletons
Each juvenile skull was assigned a number for identification (Figure 4.2B). Many
of the skulls are well preserved on their exposed surfaces, and have complete or nearly
complete, articulated postcrania. Since the skulls are all approximately the same size
ranging from 29 mm – 48 mm, we present a generalized description of the specimens
citing specific skulls for peculiarities, rather than describe each skull individually. The
majority of the range in skull lengths is based on taphonomic distortion, with a dorsal
taphomorphotype and lateral taphomorphotype. Only four skulls are outside of the 30–39
mm range (Figure 4.3B). Sixteen of the individual skulls are preserved in dorsal view and
eight skulls are preserved in lateral view. Skulls preserved in dorsal view are generally
dorsoventrally crushed and skulls in lateral view are generally laterally crushed (Figure
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4.5). No skulls are preserved in ventral position; discussion of the dentary is thus limited
to skulls preserved as lateral taphomorphotypes.
Though many aspects of general skull form in Psittacosaurus are conservative
through ontogeny, there are several substantial changes that occur. Many of the juveniles,
regardless of preservation, have a sloped rostrum rather than a vertical rostrum as in adult
skulls. The skulls are also much longer than wide, unlike larger skulls including DMNH
D2156-L. This is likely related to the weak development of the jugal horns in juveniles
(Coombs, 1980; 1982) rather than taphonomic deflection of well-developed jugal horns
as in ‘P. major’ (Hedrick and Dodson, 2013). Sutures are not present on many of the
juveniles with the exception of the frontal suture, which is visible on a number of skulls.
This appears to be because the bones were not clearly formed at the time they were
preserved. The poorly formed skull bones taphonomically fused together plastically. This
taphonomic mode is not uncommon and is also seen in Liaoceratops juveniles (You et
al., 2007). As in most juveniles, they have large orbits in comparison with adults
(Coombs, 1980; 1982; Sereno, 2010; Fastovsky et al., 2011). The lateral temporal
fenestrae are very small in comparison to the skull and especially the orbit, generally
about one third the size of the orbit as opposed to approximately 1.5 times the size of the
orbit as in adults. The fenestrae are also much taller than long in comparison with the
stouter more equidimensional lateral temporal fenestrae in adult skulls (Sereno, 2010).
This shape is unrelated to taphonomic distortion and can even be seen in dorsoventrally
compressed skulls. The supratemporal fenestrae are usually only visible as depressions
rather than open fenestrae. This is possibly related to opening at a later ontogenetic stage,
or taphonomic distortion. The squamosal and postorbital bars on either side of the skulls
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are very small and subject to distortion. These may have been squashed inward during
diagenesis making the fenestrae appear only as depressions where the top of the braincase
fills in the fenestrae. The fenestrae also have a wide separation suggesting that medial
expansion of the fenestrae occurs during ontogeny. Some of the skulls have a wellformed quadrate flange or a well-developed postorbital prominence, unlike AMNH 6535
(Sereno, 2010). Other specimens lack either developments in spite of having well
preserved quadrates and postorbitals. As in AMNH 6535 (Sereno, 2010), no juveniles
have a pronounced maxillary protuberance or quadratojugal prominences, which are
present in P. meileyingensis (Sereno et al., 1988) and some specimens of P. lujiatunensis
(B.P.H., pers obs.). No specimens show a dentary flange, though there is an incipient
flange on AMNH 6535 (Sereno, 2010).
The vast majority of postcranial material of the juvenile Psittacosaurus specimens
is preserved, but lacks any defining features. This is exacerbated by the fact that the
specimens are unprepared and much of the bone is still embedded in rock. It is only
through the preservation of so many specimens that the postcranial intricacies can be
unfolded. Specimens 4, 5, 9, and 16 are exceptionally complete and provide the primary
basis for describing the postcranial skeletons of the juveniles. Table 4.2 lists
measurements for complete bones (skull, scapula, humerus, radius, ilium, femur, tibia).
When both sides of the skeleton were preserved, the more complete side was recorded. In
general, the skeletons were quite complete, but were often underneath other skeletons
obscuring much of the structure. Though there are two taphomorphotypes of skull
preservation, all postcrania are preserved in dorsal view (Figure 4.5). The forelimbs are
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preserved as either folded or extended, but the hindlimbs tend to be folded with the
metatarsus underneath the body.
The vertebral columns are partially preserved in all specimens that have
postcranial material, but are the most weathered elements and individual vertebral
structure is very rarely preserved. This is likely due to the poor ossification of vertebrae
and the lack of fusion of the neural spine to the centrum early in development (Brochu,
1996). The cervical vertebrae are exceptionally poorly preserved as the cranial cervicals
often lie under the skulls. Specimens 4, 9, and 16 preserve the caudal three cervical
centra, but they do not preserve any structure. Coombs (1982) describes the completely
prepared cervical vertebrae of AMNH 6536. Several specimens preserve complete or
nearly complete dorsal columns. The position of the scapula and ribs and the angulation
of the vertebral column are the criteria used to distinguish dorsal vertebrae from cervical
vertebrae. While cervical columns often had a curve, the majority of the dorsal columns
were straight making this a useful criterion. While the transition is normally distinguished
in Psittacosaurus by the dorsal position of the parapophysis on the neural arch in dorsal
vertebrae (Sereno, 1987), it was not possible to distinguish individual features in many
vertebrae, especially due to a lack of fusion of the vertebral table common in juvenile
dinosaurs (Coombs, 1982; Fastovsky et al., 2011). Though the vertebrae are commonly
poorly preserved, the ribs are preserved in sequence so it is easiest to distinguish the first
dorsal based on the position of the first dorsal rib (Figure 4.5A). This method is not ideal
due to postmortem movement, but was the best method available. Specimen 16 preserves
thirteen dorsal vertebrae and specimen 4 preserves eleven, though some mid-dorsals may
be missing. Some of these vertebrae have transverse processes, but the vertebrae are
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dorsoventrally crushed so their placement on the centrum could not be assessed. Thirteen
dorsals are found in adult specimens of Psittacosaurus (Sereno, 1987) suggesting that all
dorsals are present in specimen 16.
In general, the ilia collapse onto the dorsal aspect of the sacrum obscuring the
sacral vertebrae (specimens 4, 12, 17), but they are exposed on specimen 16
demonstrating that juvenile psittacosaurs had six sacrals just as in adults (Sereno, 1987).
The possession of seven sacral vertebrae was used as an autapomorphy for ‘P. major’
(Sereno et al., 2007; Sereno, 2010), though this could not be confirmed after examination
(Hedrick and Dodson, 2013). The presence of six sacral vertebrae in a small juvenile
suggests that dorsosacrals are not incorporated into the sacrum through ontogeny, but are
established just after hatching. The caudal vertebrae are generally very poorly preserved
and a definitive count cannot be made. In specimen 4, the preserved caudal series is
slightly longer than the dorsal and sacral columns combined. The preserved caudal
vertebrae are always closely associated and interlocking with centra short relative to their
width (~3 mm long) (Figure 4.5B).
The scapulocoracoid is most clearly preserved in specimen 5. There is a slight
distal expansion and an outward bowing with a slight ridge in the middle of the scapula
as in adult Psittacosaurus (Figure 4.6). The scapula is thinnest just caudal to the
acromion. All scapulocoracoids are unfused. The majority of medium sized psittacosaurs
and nearly all adult psittacosaurs have a fused scapulocoracoid, so this is definitely an
ontogenetic change. The acromion is incipient when visible and is most often preserved
as a slight expansion on the dorsoproximal end as seen in specimens 5 and 9 and in
AMNH 6535 (Coombs, 1982). The coracoid foramen is small when preserved and is
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entirely on the coracoid as in adults (Sereno, 1987). The biceps tubercle of the coracoid is
especially prominent on Psittacosaurus (Sereno, 1987; Hedrick and Dodson, 2012), but it
is not clearly preserved on any juvenile specimen and apparently develops later in
ontogeny. Coombs (1982) reports a well-developed biceps tubercle on AMNH 6535, but
in comparison with adults, this structure is not well formed. It is not found to the same
extent as AMNH 6535 on any juvenile of DMNH D2156. The cranioventral projection of
the coracoid for the m. coracobrachialis brevis (Hedrick and Dodson, 2012) is also not
preserved and likely develops later in ontogeny.
The humeri are well preserved in lateral aspect in specimens 4, 9, 10, and 16. Due
to the attitude in which the skeletons are preserved, the majority of humeri are only
visible in their caudal aspects such that the deltopectoral crest is not clearly visible. The
deltopectoral crest is incipient when it is visible, but never lacking. Due to the
preservation, it is not possible to tell how the deltopectoral crest is angled, but it is
proximally located as in AMNH 6535 (Coombs, 1982). The distal condyles are well
formed and the two condyles are readily distinguishable with a clear division as in adult
psittacosaurs (Figure 4.6A). The radius and ulna are subequal in length, but the ulna is
more robust (Figure 4.6A). There is a clearly formed olecranon in specimen 5 and 16, but
it is poorly formed in specimen 8. This suggests that there is some degree of variability in
the robusticity and development of the ends of long bones. No metacarpi or manual
phalanges are preserved in articulation on any specimen.
The ilia are preserved in lateral aspect and generally collapsed on top of the
sacrum (Figure 4.5). The preacetabular process of the ilium is more gracile than the
postacetabular process as in adult psittacosaurs. They are approximately the same length
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from the cranial tip of the preacetabular process to the pubic peduncle and from the
ischiatic peduncle to the caudal tip of the postacetabular process (both 12 mm in
specimen 4). As in adult specimens, the ischiatic peduncle is much larger and better
developed than the pubic peduncle. No specimen preserves ischia or pubes, but they are
presumably embedded in matrix underneath the skeletons.
The femoral heads are generally preserved still within the acetabulae suggesting
limited post-depositional movement after decay (Figure 4.5). Due to the articulation of
the femur, the pubic peduncle of the ilium is visible only in a few specimens. There is a
small curve to the femur (specimen 4), suggesting possible bipedality in the juveniles
(Coombs, 1980; Maidment and Barrett, 2012), though Zhao et al. (2013) suggest juvenile
psittacosaurs were quadrupedal. The fourth trochanter is well formed in some specimens
(specimen 16) and not in others (specimen 5). It is pendant in some adult specimens, but
often forms a low ridge even in large adults (pers. obs. B.P.H.). No DMNH D2156
juvenile has a pendant fourth trochanter. In specimen 16, the proximal end of the fourth
trochanter is approximately 30% down the femoral shaft (top of trochanter 10.5 mm from
the proximal end of the femur on a 31.2 mm femur). The lesser trochanter is completely
formed as in AMNH 6535 (Coombs, 1982) and much larger relative to the femur in
specimens 5 and 16 than in adult specimens suggesting that the lesser trochanter grows
with negative allometry (Figure 4.6B). The distal condyles are clearly separated, but are
not well-formed and robust as in adult specimens. The tibiae and fibulae are preserved on
a number of specimens, but do not preserve any particular features. They are all visible
only in caudal view so the cnemial crest would not be visible if present. The
circumference of the fibular shaft is more robust relative to that of the tibia than in adult
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specimens. No tarsal bones are visible. The metatarsi and pedal phalanges are preserved,
but are always underneath the tibiae in life position (specimen 4 and 12) so it is not
possible to comment on their structure. The greatest length of the metatarsals is
approximately 60% the length of the tibia. They are gracile as in AMNH 6535 (Coombs,
1982) and adult specimens (Sereno, 1987).
In order to evaluate allometric trajectories of the lengths of bone elements with
respect to ontogeny, we plotted reduced major axis regressions of various elements
against the femur (Figure 4.3A). The femur was used since previous studies have
suggested that it is an excellent proxy for body length and it provides a single baseline
with which to compare the rest of the skeletal elements (Anderson et al., 1985;
Christiansen, 1999; Christiansen and Fariña, 2004). The vast majority of elements are
isometric (m = 1) at the 95% confidence interval with respect to the femur including the
skull, scapula, ulna, radius, metacarpus, ilium, and metatarsus (Table 4.2; Figures 4.3A,
C). The scapulocoracoid, ischium, and tibia are positively allometric at the 95%
confidence interval and the humerus was negatively allometric (Table 4.2; Figures 4.3A,
C). The variation in the lengths of long bones in the juveniles was less than 10 mm for
every element except the skull (Figure 4.3B). The skull had a range closer to 15 mm with
an outlier (specimen 15) extending this range to 20 mm.

4.3.2. Petrographic Thin Section-Based Mineralogical Analysis
The thin sections primarily show fine-grained clay matrix speckled with larger
phenocrysts (Figures 4.7A, B). The phenocrysts are of glass and different minerals:
quartz, amphibole, feldspars, or a mixture. We noted the presence of quartz veins running
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through the matrix (viewed in plane-polarized light (Figure 4.7A) and cross-polarized
light (Figure 4.7B)). These quartz veins are generally about the same thickness and
surround all of the phenocrysts as well as penetrate through the clay matrix to form a
complex network. It is not possible to know if the quartz veins are syndepositional or
postdepositional given the lack of stratigraphic information. Parsimoniously, we consider
them diagenetic changes to the rock after the specimen was preserved.
Glass is isotropic so it does not refract light differently based on the degree to
which the polarizing filters are crossed. It is evident based on the white, gray, and black
colors in the veins and refraction colors that the cracks are filled with quartz (Figure
4.7B). This is also visible around the well-formed amphibole crystals found in a
phenocryst (Figure 4.7C). Some amphibole crystals were complete whereas others were
broken up and had quartz veins running through them. There were additional large
phenocrysts that appeared as devitrified glass, which is partially crystallized glass giving
it some crystal structure (Figure 4.7D). This was less common than isotropic glass
phenocrysts, but occurred several times in thin section. Fully formed crystals such as the
amphibole crystals (Figure 4.7C) were generally rare and the fine-grained clay matrix
was much more common, but well-formed plagioclase feldspar (Figure 4.7E) and quartz
crystals did occur occasionally in section. Feldspar crystals weather rapidly so the
presence of well formed plagioclase feldspars indicate that the rock did not travel far
from its place of origin and did not undergo significant weathering. Isotropic glass was
found in one instance to have feldspar crystals embedded in it (Figure 4.7F).
In addition to mineral structures, several small bone fragments were found in the
thin sections. Half of one partial bone with one end and a shaft preserved was found
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embedded in matrix in thin section in longitudinal view (Figures 4.8A, B). The end of the
bone is not well ossified and appears to be more broken up than the shaft of the bone. The
shaft does not preserve trabecular bone, though some evidence of the marrow cavity is
seen closer to the end of the bone. This is likely because the bone was sliced closer to the
periosteal surface than the center of the bone. It is clear that the end of the bone is heavily
infilled with surrounding matrix with polarizing filters crossed as the shaft of the bone
refracts with a definitive structure and the end appears much more like the matrix with
small fragments of bone included (Figure 4.8B). The preserved half of the shaft is 2.5
mm long and 0.5 mm in midshaft diameter. The bone has numerous primary osteons and
osteocytes shown in longitudinal section (Figure 4.8C). As with the phenocrysts, quartz
veins surround the bones and even invade part of the bone (Figure 4.8A).
Some smaller bone fragments were also found in the matrix (Figure 4.8D), though
the type of bone could not be identified. One bone fragment appears to have been sliced
in cross-section with cortical bone (bottom) and trabecular bone (top) (Figure 4.8D). It is
possible a secondary osteon is preserved. However, it is difficult to positively identify
this as a secondary osteon due to the poor quality of the bone, the lack of control in
preparing the section, and the fact that it does not display a prominent refraction pattern
when rotated under crossed polarized light. However, the structure and overall
appearance is indicative of secondary osteons. Secondary osteons form in secondarily
remodeled bone and do not form until later in life (Francillon-Veillot et al., 1990), so if
correctly identified, this bone must be a fragment of an adult animal, possibly the large
Psittacosaurus specimen preserved in the assemblage.
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4.3.3. XRD Analysis
The XRD analysis picked up similar peaks and mineral content for each sample
(Figures 4.9; S2, Hedrick et al., 2014a). The mineral content was shown to be quartz,
montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)), albite (high), orthoclase, muscovite (with
a 1\ITM\RG stacking pattern), ravatite (C14H10), and rhomboclase
((H5O2)Fe(SO4)2(H2O)2). The presence of quartz, feldspars, and muscovite implies that
the rock was felsic in origin and if volcanic, was formed from felsic magma. Therefore,
the presence of quartz, albite, orthoclase, and muscovite is not unexpected. The albite
was in a high form and was evidently not formed at ambient temperature, supporting a
volcanic origin of the rock. Montmorillonite is a commonly forming clay mineral and
likely makes up a large proportion of the clay matrix. It is the main weathering product of
bentonite and forms from the weathering of volcanic ash. The presence of
montmorillonite in the sample also supports the interpretation that the rock came from a
volcanic origin.

4.3.4. Specimen Direction and Rose Diagram
Based on the results of the rose diagram, there was a preferred alignment of the
juvenile specimens (Figure 4.10). Fourteen of twenty-one specimens were found to lie
between 180º and 270º. Examined in 15º intervals, the region between 195º and 210º
contained four specimens with all other 15º intervals containing three or fewer
specimens. The Rayleigh’s test statistic was 0.4987 (n = 21, p < 0.05) showing a
statistically significant alignment (Table S1, Hedrick et al., 2014a). The average direction
was 239º.
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4.4. Discussion
The Lujiatun beds of the Yixian Formation are the earliest beds producing
psittacosaur skeletons. An understanding of the Lujiatun psittacosaur fauna has
implications for the understanding of early psittacosaur and early ceratopsian evolution.
40

Ar/39Ar dating of ash from the Lujiatun beds interbedded with the fossiliferous layers

shows that the Lujiatun specimens are Barremian (123.2±1.0 Ma) in age (He et al., 2006)
rather than Hauterivian (128±0.2 Ma) as was earlier reported (Wang et al., 2001). There
are three psittacosaurs reported from the Lujiatun beds, P. lujiatunensis, P. major, and
Hongshanosaurus houi (You et al., 2003; Zhou et al., 2006; Sereno et al., 2007). Hedrick
and Dodson (2013) recently synonymized these taxa into P. lujiatunensis. It is
parsimonious to consider the large specimen and all juveniles in DMNH D2156 to belong
to P. lujiatunensis as it is the only Psittacosaurus species from the Lujiatun beds
considered valid.

4.4.1. Comparison of larger specimen to other Lujiatun psittacosaur specimens
At the time the block DMNH D2156 was first described, only ‘Hongshanosaurus’
was known from the Lujiatun beds and DMNH D2156 was denoted Psittacosaurus sp.
(Meng et al., 2004). The skull holds many of the autapomorphies attributed to P.
lujiatunensis by Zhou et al. (2006) but is missing any characters previously attributable
only to ‘P. major’ or ‘Hongshanosaurus’. Given Hedrick and Dodson’s (2013)
characterization of the nominal Lujiatun species (P. major, Hongshanosaurus) as
taphomorphotypes of P. lujiatunensis, it is possible to evaluate the large specimen of
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DMNH D2156 in terms of belonging to a specific taphomorphotype. The P. lujiatunensis
taphomorphotype is considered uncrushed, the P. major taphomorphotype is bilaterally
deformed, and the Hongshanosaurus taphomorphotype is dorsoventrally deformed
(Hedrick and Dodson, 2013).
Sereno (2010) considered ‘Hongshanosaurus’ dorsoventrally compressed and the
name Hongshanosaurus a nomen dubium. The holotype is dorsoventrally crushed and is
also a juvenile with a basal skull length of 37 mm (You et al., 2003). A second, larger
specimen of ‘Hongshanosaurus’ has been attributed to the genus (IVPP V12614; basal
skull length = 147 mm) (You and Xu, 2005). DMNH D2156 has no characters
attributable to this genus in spite of also being dorsoventrally crushed (jaw articulation
below maxillary tooth row; preorbital region 40% of total skull length, caudodorsally
oriented orbits and lateral temporal fenestrae) (You et al., 2003; You and Xu, 2005).
DMNH D2156 has the same degree of caudodorsal crushing as rostral crushing. Hedrick
and Dodson (2013) suggest that ‘Hongshanosaurus’ proportions are obtained by
disparate distortion in the rostral and caudal aspects of the skull such that the caudal
aspect is plastically distorted dorsoventrally and elongated in comparison with the rostral
aspect. However, Hedrick and Dodson (2013) found DMNH D2156 to plot in the lower
right quadrant in morphospace with the adult specimen of Hongshanosaurus (IVPP
V12614) and away from the holotype of P. lujiatunensis and P. major using a 3D
geometric morphometric analysis on Lujiatun psittacosaur skulls. Therefore, some
dorsoventral compression is evident, just not to the same degree as in IVPP V12614.
As the large skull of DMNH D2156 is wider than long, it clearly does not
represent the mediolaterally deformed ‘P. major’ taphomorphotype. Other features
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distinguishing the species are the relative width of the skull and the width of the
prefrontals in comparison with the frontals. The skull roof is not transversely narrow as in
‘P. major’. However, the proportions of the left prefrontal suggest that the prefrontals
were wide relative to the frontals as in ‘P. major’ and not the holotype of P. lujiatunensis.
Sereno (2010) attributes the narrowness of the prefrontals in P. lujiatunensis to
preservation. The jugal horns are caudolaterally flaring as in P. lujiatunensis rather than
ventrolaterally flaring as in P. major. These features cause the skull to plot away from the
holotype of P. major in morphospace (Hedrick and Dodson, 2013).

4.4.2. Comparison of Psittacosaurus juveniles with other ceratopsian juveniles
There are a small number of ceratopsians with juvenile specimens that can be
attributed to a particular genus. These include Psittacosaurus (Meng et al., 2004; Zhao et
al., 2007), Liaoceratops (Xu et al., 2002; You et al., 2007), Bagaceratops (Dong and
Currie, 1993), Protoceratops (Brown and Schlaikjer, 1940; Fastovsky et al., 2011),
Centrosaurus (Dodson and Currie, 1988), and Triceratops (Goodwin et al., 2006). Of
these, only Psittacosaurus, Protoceratops, and Triceratops are known from complete
material and multiple juveniles that comprise a complete ontogenetic series. As the
description adds a substantial amount of information about the smallest Psittacosaurus
juveniles, it is necessary to present a comparison of Psittacosaurus juveniles with that of
other ceratopsian juveniles.
There are three known specimens of Liaoceratops, two of which are juveniles
(IVPP V12633, mandible length 78 mm; CAGS-IG-VD-002, mandible length 55 mm)
(Xu et al., 2002; You et al., 2007). Xu et al. (2002) and You et al. (2007) describe several
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ontogenetic features of Liaoceratops including very small jugal horns, vaulted frontals, a
narrow, short frill, an increase in preorbital length, and a change in the orientation of the
nares. As Liaoceratops is closely related to Psittacosaurus (You et al., 2007), a
comparison with Psittacosaurus is key. Excellent preparation of the Liaoceratops skulls
allows for a discussion of many cranial intricacies of the skull not visible in DMNH
D2156, such as the palatal features and the mandible (You et al., 2007). The nares and
orbits are large as in Psittacosaurus juveniles. Adult Liaoceratops specimens have a
more extensive frill than in Psittacosaurus (Xu et al., 2002). It is incipient in juvenile
Liaoceratops specimens, but still much more pronounced than even in adult
Psittacosaurus specimens. IVPP V12633 is more mediolaterally compressed than CAGSIG-VD-002, but the jugal horns are incipient both as in DMNH D2156 juveniles. The
supratemporal fenestrae in Liaoceratops are much larger than in Psittacosaurus such that
the supratemporal fenestrae are larger than the orbits in CAGS-IG-VD-002. The lateral
temporal fenestrae are much smaller than the orbits, though they are the same size or
larger than the orbits in Psittacosaurus.
Bagaceratops is known from several juvenile skulls (Maryanska and Osmolska,
1975; Dong and Currie, 1993). Several well-preserved Bagaceratops skulls are known
including IVPP V9606 (54 mm in length) (Dong and Currie, 1993) as well as numerous
skulls discovered during the Polish-Mongolian Paleontological Expedition (Maryanska
and Osmolska, 1975). These specimens are slightly larger than the Psittacosaurus
juveniles in DMNH D2156 and were described as embryonic (Dong and Currie, 1993).
The rostral aspects of the skulls are sloped as in DMNH D2156 specimens (Maryanska
and Osmolska, 1975). The orbits are much larger than the lateral temporal fenestrae as in
!

121!

Liaoceratops and Psittacosaurus. The frill is somewhat damaged in IVPP V9606, but the
supratemporal fenestrae are much smaller than the orbits, unlike Liaoceratops and like
Psittacosaurus. It is not possible to delineate sutures on these skulls similar to
Psittacosaurus, which is likely a preservational artifact in both specimen groups (Dong
and Currie, 1993). They all also have a straight ventral ridge of their mandible, as in
Psittacosaurus juveniles (Maryanska and Osmolska, 1975) in spite of the development of
a dentary flange through Psittacosaurus ontogeny (Sereno, 1987).
Recently, Fastovsky et al. (2011) described an assemblage of fifteen
Protoceratops juveniles (MCP-D 100/530) with a mean skull length of 43 mm, slightly
larger than the mean of the Psittacosaurus juveniles (Figure 4.3B). This serendipitous
discovery allows for a comparison between Psittacosaurus and Protoceratops juveniles
based on many complete articulated specimens. Other ceratopsian juveniles are based on
skulls without associated postcranial material. As in Psittacosaurus, the Protoceratops
juveniles lack adult features including horns, frill structure, and substantial parietal
fenestrae (Fastovsky et al., 2011). The juvenile specimens of Protoceratops have larger
supratemporal fenestrae relative to skull size than adult specimens (Fastovsky et al.,
2011) whereas the juveniles of DMNH D2156 have very small supratemporal fenestrae
that are not clearly open in many specimens.
Fastovsky et al. (2011) characterized the ends of the long bones in MCP-D
100/530 as poorly defined, but also state that some specimens have well-formed
olecranons and pendant fourth trochanters. The ends of the long bones in DMNH D2156
are not poorly defined and it may suggest a difference in precociality between the two
genera. The Protoceratops juveniles have a much higher tibia: femur ratio than in adults
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(Fastovsky et al., 2011). The tibia is 130% the length of the femur (Fastovsky et al.,
2011) in the Protoceratops juveniles (compared to 110% in adults; Brown and Schlaikjer,
1940) close to that of the DMNH D2156 specimens. The Protoceratops juveniles were
considered more similar to Psittacosaurus specimens than Protoceratops due to
plesiomorphies (Long and McNamara, 1995; Fastovsky et al., 2011).
Two ceratopsids have juvenile material attributed and adequately described,
Centrosaurus (Dodson and Currie, 1988) and Triceratops (Goodwin et al., 2006). Both
species are very derived with respect to Psittacosaurus and have comparably large frills
even early in ontogeny. The juvenile Triceratops skull is 300 mm long (Goodwin et al.,
2006). The Centrosaurus skull is partial, but the parietal is 210 mm in length (Dodson
and Currie, 1988). Therefore, both of these specimens are substantially larger than any of
the basal ceratopsian skulls discussed so far. The Centrosaurus skull is based primarily
on frill and braincase components (Dodson and Currie, 1988), which are either extremely
different from those of Psittacosaurus or are not preserved in DMNH D2156. The same
is true of the frill of Triceratops. The jugal in the juvenile Triceratops has a small flare
(Goodwin et al., 2006), relatively much more pronounced than that of the jugal horns in
DMNH D2156. However, it is incipient in comparison with adult Triceratops. The lateral
temporal fenestrae are relatively much smaller in Triceratops than in Psittacosaurus in
adult specimens due to the development of the frill structure, but the proportions of the
lateral temporal fenestra in comparison with the orbit are nearly the same in the juvenile
and adult Triceratops (Goodwin et al., 2006), as in Psittacosaurus. Generally, both
Centrosaurus and Triceratops are so disparate in shape from Psittacosaurus that a
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detailed comparison of ontogenetic changes is difficult. However, it is important to note
similarities when possible.

4.4.3. Allometric Analysis
A preliminary allometric analysis on a substantial amount of psittacosaur
postcranial material demonstrates allometries of various elements when compared against
the femur (Table 4.1). The femur was used as a proxy for body size, and is considered to
scale isometrically to the ~3 power in extant archosaurs and birds (Dodson, 1975; Carrier
and Leon, 1990; Erickson and Tumanova, 2000). Further, it has been used as a proxy in
combination with developmental mass extrapolation in P. lujiatunensis in previous
studies (Erickson et al., 2009). Seven of the eleven elements examined were shown to
scale isometrically with respect to the femur at a 95% confidence interval (Figures 4.3A,
C, Table 4.1). The only elements that did not were the humerus, which scaled with
negative allometry, and the scapulocoracoid, ischium, and tibia, which scaled positively
allometrically (Figures 4.3A, C, Table 4.1).
Skull enlargement relative to body size is clearly a dominant characteristic of
ceratopsians with Pentaceratops having the largest skull of any land animal (Lehman,
1998). Sereno et al. (2007) suggested that skull enlargement was already occurring at the
level of Psittacosaurus with the discovery of P. major, whose specific name is related to
its large skull. Hedrick and Dodson (2013) have demonstrated that P. major is a junior
synonym of P. lujiatunensis, which has a skull equal to or even larger than P. major. The
results here show that the skull in Psittacosaurus grows isometrically with the femur
(Figure 4.3A). Thus, while large skulls may have developed in Psittacosaurus (Sereno et
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al., 2007), the skull length had not yet become positively allometric and extreme
hypertrophy of skull size through ontogeny as seen in ceratopsids (Dodson, 1996; You
and Dodson, 2004) had not yet developed. This is likely due to the absence of the frill
structure in Psittacosaurus, which is one of the factors contributing to the total length of
ceratopsid skulls.
The scapulocoracoid is positively allometric with respect to the femur (m =1.12;
CI: (1.01:1.23)), but the scapula itself is isometric (m =1.05; CI: (0.96:1.14)) (Figures
4.3A, C). This demonstrates that the coracoid lengthens with respect to the scapula. This
elongation likely results from the development of the biceps tubercle of the coracoid
during ontogeny (Sereno, 1987; Hedrick and Dodson, 2012). The ventral aspect of the
coracoid also develops through ontogeny. No juvenile in DMNH D2156 shows a welldeveloped coracoid with respect to either of these structures. However, both are
hypertrophied in adult forms. It is possible that the hypertrophy of these forms is related
to an increase in grasping ability (Senter, 2007) due to an elongation of the muscle
moment arms for the m. biceps brachii and the m. coracobrachialis ventralis, both of
which serve to extend the shoulder joint (Hedrick and Dodson, 2012). Shoulder extension
ability was apparently not important to quadrupedal forms (Senter, 2007). The ventral
process of the coracoid in Psittacosaurus is cranially directed lengthening the moment
arm, but it is ventrally directed in Protoceratops and more derived ceratopsians such that
the shoulder cannot be extended far forward due to the humerus colliding with the
coracoid (Senter, 2007). A cranially directed ventral process could be related to grasping
ability of the arm and bipedalism in general since it is differently formed in obviously
quadrupedal forms and allows more forelimb movement (Hedrick and Dodson, 2012).
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Coombs (1980; 1982) posited that juvenile psittacosaurs were bipedal, but they likely did
not have the same degree of grasping ability as adult psittacosaurs based on the
incipience of these features. In contrast, Zhao et al. (2013) suggested with bone histology
that juvenile psittacosaurs were quadrupedal, which would not require grasping ability at
all.
Recently Zhao et al. (2013) posited that the forelimb of Psittacosaurus grew with
negatively allometry with respect to the hindlimb suggesting a postural change from
quadrupedal juveniles to bipedal adults. This was also supported by growth changes in
the forelimb and hindlimb through bone histology (Zhao et al., 2013). The morphometric
results here mostly support the analysis by Zhao et al. (2013) based on a larger sample
set. The humerus is negatively allometric with respect to the femur and the tibia is
positively allometric (Figure 4.3A). However, different from their analysis, we found that
the radius and ulna are isometric rather than negatively allometric. The histologic results
and the fact that the humerus is negatively allometric still suggest that psittacosaurs were
quadrupedal as juveniles and bipedal as adults (Zhao et al., 2013). Additionally, the fact
that the tibia is positively allometric supports a lengthening of the hindlimb relative to the
forelimb. Both the metacarpus and metatarsus were isometric with respect to the femur
based on 95% confidence intervals, though the slope of the metacarpus was very low
(m=0.85) suggesting negative allometry and the slope of the metatarsus was high
(m=1.08) suggesting positive allometry.

4.4.4. Evidence of post-hatchling care
4.4.4.1. Embryonic or juvenile animals
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In order to infer post-hatching care, it must be shown that the juveniles are not
embryonic. Meng et al. (2004) postulated that it is unlikely the juveniles were embryonic
based on the development of the condyles of the long bones. There is no eggshell
material associated with the specimen to support the assertion that they are embryonic.
However, certain taphonomic factors can allow preservation of bone, with no
preservation of eggshells. Embryonic Protoceratops and Bagaceratops material from the
Iren Dabasu Formation was not associated with eggshells (Dong and Currie, 1993). This
material was thought in part to be embryonic based on the fact the skeletons were able to
fit easily into eggs ascribed to Protoceratops (Brown and Schlaikjer, 1940). However,
more recent finds have associated these eggs with Oviraptor (Norell et al., 1994; Norell
et al., 1995; Norell et al., 2001). Stronger evidence for the case that they were embryonic
is that the long bones were poorly formed, suggesting either embryonic or altricial
specimens (Horner and Makela, 1979). The smallest specimen has a dentary 17 mm in
length (IVPP V10596), 11 mm smaller than the smallest Psittacosaurus specimen
(D2156-24). Therefore, it is possible that these slightly larger Psittacosaurus juveniles
were also embryonic.
Dong and Currie (1993) suggest that a pair of P. mongoliensis juveniles from
Mongolia (AMNH 6535, 6536) may have been embryonic since their skull sizes are
comparable to that of the Protoceratops juveniles. The skulls are 28 mm (AMNH 6535)
and 42 mm (AMNH 6536) (Coombs, 1980; 1982). Though these specimens are larger
than the smallest Protoceratops individual (IVPP V10596), Dong and Currie (1993) point
out that small species can have relatively larger eggs. However, these specimens have
well formed humeral and femoral condyles, especially AMNH 6536, equivalent at least
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to the extent of the embryonic Orodromeus thought to be precocial (Horner and
Weishampel, 1988).
DMNH D2156 supports the assertion that AMNH 6535 and 6536 are not
embryonic based on a large sample of juveniles smaller than these specimens with wellformed condyles. The left distal humeral condyles of DMNH D2156-4 are well preserved
displaying distinct medial and lateral condyles (Figure 4.6A). The olecranon is well
formed on the right ulna of DMNH D2156-5. DMNH D2156-9 and DMNH D2156-10
both have an articulated humerus and ulna with the well-formed olecranon fitting
comfortably between the split condyles. The left proximal femur of D2156-9 has a
pronounced lesser trochanter (Figure 4.6B). Unfortunately, no teeth are preserved in spite
of the otherwise excellent preservation of the specimens. Juvenile Maiasaura were
suggested to be post-hatching altricial animals based on tooth wear and weak condylar
development (Horner and Makela, 1979). Given the development of the condyles, it is
likely that the juveniles were preserved post-hatching or possibly were precocial
embryonic dinosaurs like Orodromeus (Horner and Weishampel, 1988). Coombs (1982)
proposed precociality for Psittacosaurus based on tooth wear in AMNH 6535.

4.4.4.2. Size of psittacosaurs at sexual maturity
Assuming that the juveniles are not embryonic, it must also be shown that the
large specimen is an adult and has reached sexual maturity in order to infer post-hatching
parental care. The largest P. lujiatunensis skulls are ZMNH M8138 (205 mm) and LH
PV1 (203 mm) in total skull length. The skull of DMNH D2156 is only 116 mm, 56% the
length of the skull of ZMNH M8138. This discrepancy can easily bring the sexual
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maturity of D2156 into question (Zhao et al., 2014). Meng et al. (2004) inferred sexual
maturity from the specimen, prior to the discovery of these larger skulls from Lujiatun.
The size of the sutures between the frontals and the other bones of the skull argues for a
subadult status in the specimen, though no vertebrae provide complementary evidence in
the form of vertebral suturing (Brochu, 1996). A substantial amount of work has been
done on age determination through bone histology in P. mongoliensis (Erickson and
Tumanova, 2000) and P. lujiatunensis (Erickson et al. 2009; Zhao et al., 2014), which
allows for comparison and possible identification of the large specimen of DMNH D2156
as either an adult or subadult.
Erickson et al. (2009) correlated femoral length with age. The large skull of
DMNH D2156 does not preserve either femur, but does have a complete skull, which
permits estimation of femur length. Based on a sample of thirty-three psittacosaurs,
many with both femora, a sample of 33 skulls with 56 associated femora was compiled in
order to estimate femur length from skull length in Psittacosaurus (Figure 4.11). A strong
correlation was found between skull length and femur length in Psittacosaurus (R2=
0.942; y = 1.02x + 5.15). Thus the large skull of DMNH D2156 has an estimated femur
length of ~108 mm. Using the equation derived by Erickson et al. (2009) for calculating
age based on femoral length using bone microstructure as a proxy for age, (y = 0.0615x –
1.9214), DMNH D2156-L is approximately 4–5 years of age (y = 4.76 years). Based on
bone histology, P. lujiatunenesis is not sexually mature until it reaches 8–9 years of age
(Erickson et al., 2009).
It is possible that the age equations derived by the inflection point reported by
Erickson et al. (2009) are incorrect (Myhrvold, 2013). The basis of the growth inflection
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is that resources are reallocated from growth to reproduction and this is reflected as an
inflection point in a sigmoidal growth curve. This is the primary assumption used in
dinosaur age determination (Erickson and Tumanova, 2000; Klein and Sander, 2008; Lee
and Werning, 2008; Hedrick et al., 2014b). Myhrvold (2013) provided a critique of the
age curve developed for Psittacosaurus showing that the age estimations and application
of the sigmoid growth curve model are possibly incorrect. Myhrvold (2013) pointed out
that the growth curve of Erickson et al. (2009) does not have any specimens at
asymptotically maximum body size and thus fitting a sigmoidal growth curve to the data
requires extrapolation beyond the data. Myhrvold (2013) found that the data are thus best
fit with an increasing model and that very poor fits were found when the analysis was
restricted to asymptotic models. Erickson et al. (2009) reject the increasing model as
being biologically unlikely. If the growth curve inflection point model of Erickson et al.
(2009) is correct, then the large specimen in DMNH D2156 is not an adult. This calls into
question the assertion that the DMNH D2156 assemblage represents an example of
ornithischian parental care first suggested by Meng et al. (2004) (Zhao et al., 2014). It
should be noted though that Psittacosaurus may not fit the inflection point model and that
the larger specimen may have been an adult. Without strong evidence that Psittacosaurus
deviated from the dinosaurian inflection point model, we are conservative in our
interpretations.
The fact that all of the juveniles are approximately the same size and associated
with a larger skull is highly suggestive of some form of care. If not parental care, then it
is possible that the larger Psittacosaurus is an older sibling. Post-hatching cooperation
has been demonstrated in a number of extant birds (Riedman, 1982). Additionally, Zhao
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et al. (2007; 2014) showed that another Psittacosaurus assemblage from Lujiatun had
juvenile Psittacosaurus specimens of different ages (2–3 years) implying some level of
post-hatching cooperation. It is altogether likely that some dinosaurs exhibited posthatching care in order to better survive in harsh environments, especially in Early
Cretaceous Liaoning, which had no shortage of small predators (Xu and Norell, 2006),
even including mammals (Hu et al., 2005). Psittacosaurus was at the bottom of the food
chain and both post-hatching and parental care and cooperation are effective methods for
aiding in juvenile survival rates.

4.4.5. Mineralogical analysis and taphonomy
The Psittacosaurus bonebed (DMNH D2156) is one of the best-preserved
assemblages of Psittacosaurus known so a detailed understanding of its taphonomy is
critical to environmental interpretations and paleoecology of the lower Yixian Formation
and permits a more complete understanding of the preservation of exquisite specimens in
the fossil record. This preservation is most likely due to rapid burial from a lahar flow,
pyroclastic debris flow, or fluvial processes embedding the specimens in volcaniclastic
rock. Meng et al. (2004) presented this as a possible scenario for the preservation in
addition to preservation in ashfall and collapse of a burrow structure. The preservation in
a volcanic-lithic arenite, a statistically significant preferred alignment of specimens in the
assemblage, and the recent study of Jiang et al. (2014) demonstrating preservation of
Yixian animals in pyroclastic debris flows supports burial of DMNH D2156 by either a
pyroclastic debris flow or lahar flow (Figures 4.7A, 7B, 10).
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The mineral components found in the XRD analysis and in thin section also
support preservation by rapid flow for the assemblage. Montmorillonite is a clay mineral
associated with volcanic deposits and tuffaceous rock (Atsuyuki et al., 1978; Aoyagi and
Kazama, 2006; Huff, 2006). The vast majority of the matrix in between phenocrysts
appears as fine-grained clay (Figure 4.7). No clays were found via XRD other than
montmorillonite, which is the dominant clayey component of the fine-grained matrix.
Considering that montmorillonite is associated with tuffaceous and other volcanic
sediments, it is clear that the rock is volcanic in origin. Further evidence is found in the
form of large unweathered feldspar crystals (Figure 4.7E). Feldspar crystals weather very
easily and the presence of well-formed feldspar crystals is indicative of immature
sediment that has not traveled far from its source area and has not undergone much
reworking (Klein and Dutrow, 2008). It is unlikely that the rock encasing the assemblage
underwent significant reworking, which is in line with rapid deposition characteristic of
either pyroclastic debris flows or lahar deposits with normal fluvial processes being less
likely.
The fact that small bones are found within the rock matrix supports an
allochthonous assemblage (Figure 4.8). Substantial transport or weathering of the
sediment would break up bone that is as small as the partial bone element found in thin
section, but some transport is necessary to work the bones into the matrix (Figures 4.8A,
B, C). This argues against ashfall-based preservation. The preferred alignment also
argues for a clastic debris flow or fluvial deposit. Another psittacosaur assemblage from
the Yixian Formation, IVPP V14341, had a preferred alignment in similar sediments and
was inferred to be preserved in a lahar (Zhao et al., 2007, 2014).
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Jiang et al. (2014) recently demonstrated that the cause of exceptional
preservation of many of the vertebrate, invertebrate, and plant fossils in both the Yixian
and Jiufotang Formations was due to transport of specimens by pyroclastic density
currents into lacustrine environments followed by burial. This accounts for the variety of
taxa that would be presumed to occupy a wide-range of environments being present in the
same deposits (Jiang et al., 2014). The authors demonstrate using both stratigraphic
indicators and charring of both plant and vertebrate soft tissues that pyroclastic density
currents were more likely than turbidity current transport. They also showed that bone
microstructure was modified by the excessive heat intrinsic to pyroclastic density
currents (Jiang et al., 2014). This included poorly defined laminae with microstructure
vanishing towards the periosteal surface and the presence of abrasive pits and cracks on
the periosteal surface. DMNH D2156 lacks the stratigraphic control to fully assess
whether it was preserved in a pyroclastic debris flow, lahar flow, or fluvial deposit.
However, the bones preserved in the matrix did not show any modification to the
microstructure or any charring along the edges that was found in the specimens studied
by Jiang et al. (2014) (Figure 4.8). The main difference between a lahar flow and
pyroclastic debris flow is that a lahar flow can be cold and a pyroclastic debris flow is
always hot. Therefore, we prefer the lahar flow or fluvial deposit interpretation for
preservation of DMNH D2156. Future studies will need to be carried out studying the
microstructure of the juveniles in order to search for some of the bone microstructure
characteristics of pyroclastic debris flows found in other Yixian specimens (Jiang et al.,
2014).
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The size of the bone found in thin section qualifies the bone as embryonic
assuming it is dinosaurian (Figures 4.8A, B, C). Embryonic dinosaurs bones are
incredibly rare in the fossil record, though a number have been recorded (Grigorescu,
1993; Mateus et al., 1998; Chiappe et al., 2001; Norell et al., 2001; Weishampel et al.,
2008), but only one instance is known of probable ceratopsian embryos (Dong and
Currie, 1993). The embryonic protoceratopsian skulls described by Dong and Currie
(1993) had total skull lengths greater than 40 mm, similar to the juvenile specimens in
DMNH D2156. The bone found in thin section had a preserved length of 2.5 mm and is
broken midshaft and may be as much as 5–6 mm in total length. The small size precludes
confirmation that it belongs to Psittacosaurus, but the association with the juvenile
Psittacosaurus specimens suggests that this may be the case. If it is related to the
preserved Psittacosaurus juveniles, it is likely to be a phalangeal element as long bones
would be substantially larger. Embryonic dinosaurs have been studied histologically in
ornithopods (Horner et al., 2001), theropods (de Ricqlès et al., 2001) early
sauropodomorphs (Reisz et al., 2013), and sauropods (García and Cerda, 2010). The fact
that the bone was cut in half and is preserved in thin section allows commentary on its
histologic structures. There are extensive primary osteons and smaller osteocyte lacunae
demonstrating that the bone is well vascularized (Figure 4.8C) as in other embryonic
dinosaurs (Horner et al., 2001; Reisz et al., 2013). The possible secondary osteon in the
broken bone fragment (Figure 4.8D) suggests that any bone fragments found in matrix
could belong to larger individuals and do not necessarily belong to small juveniles or
embryonic forms. Future work on the histology of the DMNH D2156 specimens may aid
in histologic evaluation of the small bones.
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No macroscopic eggshell fragments were associated with the assemblage in spite
of the many juveniles, no eggshell structures were found in thin section, and calcite was
not a mineral component found in the XRD analyses. Without eggshell evidence, it is not
possible to definitively attribute the assemblage to a nest structure. The circular shape of
the bonebed block is related to the way that the block was removed rather than the actual
structure. There is also no evidence of a strongly elevated ridge along the sides of the
structure. Meng et al. (2004) characterize the block as having a basin-like depression in
the center, which was also reported for the Protoceratops nest assemblage described by
Fastovsky et al. (2011). This does not appear to be the case based on our reanalysis,
though the right and bottom edges of the block appear to be actual edges of the
assemblage and not an artifact of collection suggesting a somewhat circular appearance
for those edges (Figure 4.2B) allowing for some idea of the size of the assemblage.
Chiappe et al. (2004) outlined the criteria for recognizing dinosaur nests. The most
critical criterion requires stratigraphic information whereby the nesting structure forms a
break in stratification (Chiappe et al., 2004). In the absence of stratigraphic or collection
information, it is not possible to consider this specimen a nest. This does not imply that
the assemblage does not demonstrate care or cooperation in an ornithischian dinosaur as
suggested by Meng et al. (2004), but demonstrates that it cannot be shown to be a nesting
structure.
The lack of stratigraphic information seriously hampers the taphonomic analysis,
considering that we were restricted to sampling rock directly on the block without the
benefit of the large-scale context that the assemblage was deposited within. Though the
alignment of specimens used to infer a flow was statistically significant, it is possible that
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it is biotic in origin. The fact that all of the specimens are preserved in dorsal view
suggests that the specimens may have been preserved in situ rather than in a flow. There
is some variation in clast size in the sediment in which DMNH D2156 is preserved, but
the clasts are not as large as may be preserved in rapid debris flows (Leeder, 1982; Bates
and Jackson, 1984). The lack of rounded grains and presence of well-formed feldspars
argue against a fluvial taphonomic mode and for a rapid volcaniclastic debris flow, but
without stratigraphic information, this cannot be confirmed. It is critical that all
specimens are subjected to intensive field study during collection. Without the proper
context or any stratigraphic information, it is difficult to make assertions related to
taphonomic mode. Without a complete understanding of the taphonomy of the
assemblage, it is not clear if these animals were living together and cooperating, though
their close association makes this likely, or were simply carried by a flow and deposited
in the same place creating only the illusion of post-hatchling cooperation.

4.5. Conclusions
We present the first in-depth analysis of the Psittacosaurus assemblage (DMNH
D2156) and fully describe the osteology of the specimens and the mineralogy of the
bonebed block. The osteological analysis demonstrates that the large skull is likely not an
adult specimen based on size comparisons with other animals and previous histologic
analyses. We fit the large skull into a morphospace as a dorsoventrally deformed
specimen of P. lujiatunensis supporting previous analyses of separate taphomorphotypes
of P. lujiatunensis within the Lujiatun beds of the Yixian Formation rather than separate
species. Further, we suggest that the juvenile skeletons are post-embryonic. The
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assemblage also suggests the possibility of post-hatching cooperation in a dinosaur rather
than parental care due to the larger specimen evidently not being sexually mature. The
analysis presents the first intensive descriptive study of the postcrania of juvenile
Psittacosaurus skeletons and allows comparison with larger specimens to establish a
qualitative understanding of psittacosaur postcranial ontogenetic trends. We also analyze
the ontogenetic trends of bone lengths across a large sample of Psittacosaurus specimens
and demonstrate that though the majority of bones in Psittacosaurus grew isometrically
with respect to the femur, the forelimb shortened relative to the hindlimb through
ontogeny. This supports previous hypotheses that Psittacosaurus changed from
quadrupedal to bipedal ontogenetically.
The mineralogy of the assemblage based on petrographic thin sections and XRD
analysis supports the interpretation of a debris flow covering the specimens in a layer of
sediment sufficient to fully envelop them leading to excellent preservation of the fossils.
The rock is composed of fine-grained volcanics formed primarily from quartz, potassium
and plagioclase feldspars, and montmorillonite and is a volcanic-lithic arenite. In spite of
the presence of possible embryonic bone in thin section, the lack of eggshell material,
calcite, and macroscopic nest structure preclude the attribution of the assemblage to a
nesting structure. The assemblage is still a likely example of post-hatching cooperation in
an ornithischian dinosaur. The analysis presented here provides a thorough assessment of
the mineralogy and taphonomy of a very important fossil find based on all the data
available. The lack of stratigraphic or collection information for DMNH D2156 makes
the taphonomic interpretations presented here preliminary. Though it is possible to
demonstrate that the matrix is composed of volcanic materials and that there is a
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statistically significant alignment of specimens so that preservation in a flow is very
likely, it is not definite that the specimens were not preserved in either the burrow
collapse or ashfall interpretations presented by Meng et al. (2004) and are arranged in a
preferred direction biotically. It is also possible that the specimen does truly represent a
nesting structure. However, without stratigraphic information for the specimen, this
cannot be shown and therefore we favor the more conservative interpretation. It is
imperative for all studies in paleontology that field information and stratigraphic data be
collected along with fossil specimens.
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Figure 4.1: Location and stratigraphic section: (A) Map of China highlighting
Liaoning Province. The red star gives the approximate location of the fossil bearing beds
from where DMNH D2156 was collected. (B) A typical stratigraphic column from the
Sihetun locality of the Yixian Formation. The Sihetun locality outcrops fossil bearing
beds of the lower Yixian Formation Lujiatun beds. Stratigraphic column modified from
Swisher et al. (1999) Scale = 10 m.
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Figure 4.2: Psittacosaurus assemblage (DMNH D2156): (A) DMNH D2156 from
dorsal view showing the spread of the juvenile specimens in relation to the larger
specimen. (B) A numbering system devised to both show the number of juvenile
specimens and allow referral to particular specimens. The small dots indicate the
associated postcranial material of the larger specimen. The large dots indicate likely
edges for the block.
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Figure 4.3: Postcranial Trends in Psittacosaur Ontogeny: (A) Allometric trajectories
of the postcranial elements of Psittacosaurus with reference to the femur as a proxy for
body size. Number of individuals, slope, and R2 values are reported in the figure. Solid
lines indicate negative allometry. Short dashes indicate isometry. Long dashes indicate
positive allometry. (B) The distribution of element lengths for DMNH D2156. All
specimens fall within a relatively narrow range of values except for the skull, which had
varying degrees of taphonomic distortion affecting total length. (C) The results of the
RMA regression analysis shown with slopes and 95% confidence intervals plotted by
element. m = 1.00 represents isometry.
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Figure 4.4: Large skull of DMNH D2156: (A) dorsal, (B) rostral, (C) caudal, (D) right
lateral, and (E) left lateral views. Dashed lines indicate matrix. Overall the rostral and left
lateral sides of the skull were covered by matrix. Scale = 50 mm.
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Figure 4.5: DMNH D2156 Juveniles: Specimen 4 and 16 were two of the most
complete specimens available in DMNH D2156 and demonstrate the respective skull
taphomorphotypes. (A) Specimen 16 showing preserving a dorsoventrally crushed skull
and much of the postcranial material including the axial, girdle, and proximal
appendicular bones. (B) Specimen 4 showing a bilaterally crushed skull also preserving
most of the postcranial material.
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Figure 4.6: Postcranial Juvenile Bones: (A) The nearly complete forelimb preserving
much of the scapulocoracoid, humerus, radius, and ulna. The distal humerus is well
developed, but the ulna has a poorly developed olecranon suggesting that the ends of long
bones are occasionally, but not always well formed. (B) The nearly complete hindlimb
preserving the ilium, femur, tibia, and metatarsals. The lesser trochanter is particularly
well developed in this specimen.

!

144!

Figure 4.7: Thin Sections of Surrounding Matrix: (A) Large phenocryst with green
amphibole embedded in a fine-grained matrix. (Scale = 500µm). (B) The large
phenocryst in A under cross-polarized light. The quartz veins having a black, white, and
gray refraction pattern showing that they are definitively not glass. (Scale = 500µm). (C)
Broken up needle-shaped amphibole crystals surrounded by quartz veins (polars crossed).
(Scale = 50µm). (D) Devitrified glass with quartz veins surrounding the large glass
phenocryst (polars crossed). (Scale = 100µm). (E) Plagioclase crystal embedded in finegrained matrix exhibiting twinning (polars crossed). (Scale = 100µm). (F) Glass with
feldspar crystals inside (polars crossed). (Scale = 500µm).
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Figure 4.8: Vertebrate Bones: (A) A partial bone shaft found in the rock matrix in
longitudinal section. The preserved length is about 2.5 mm making the bone likely
embryonic. (Scale = 500 µm). (B) The bone shaft with cross-polarized light. (Scale = 500
µm). (C) A close up of the vascular canals of the bone. (Scale = 100 µm). (D) An
unidentified bone fragment in cross-polarized light. White arrow indicates secondary
osteon (Scale = 100 µm).
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Figure 4.9: XRD Patterns: (A) XRD profile of one of the samples analyzed. Labels on
major peaks indicate their positions (2-theta angle) and d-spacing (Å). Peak position and
d-spacing are used to identify the minerals contained in each sample. (B) XRD profiles of
all five analyzed samples. These samples were run together to ensure consistency. All
peak positions (2-theta angle) and d-spacing (Å) are the same for all profiles indicating
the same mineral content for all samples analyzed across the block.

!

147!

Figure 4.10: Rose Diagram of Juvenile Specimens: The rose diagram suggests a
preferred alignment supporting that that the animals were trapped in a flow. (A) The data
presented in a rose diagram. (B) The trends of the dorsal columns used to compute the
rose diagram and Rayleigh’s test statistic.
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Figure 4.11: The skull-femur ratio in Psittacosaurus: The linear best fit line is shown
as the dark line and 95% confidence intervals are represented by the thin black lines. The
red dot shows the position of the femur of the large skull of DMNH D2156. It is still a
juvenile with age of 4.7 years according to the femur length- age determination curve of
P. lujiatunensis (Erickson et al., 2009).
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N

Slope

R2

Lower CI

Upper CI

Allometry

Skull

24

0.95

0.9

0.86

1.04

Iso

Scapulocoracoid

32

1.12

0.94

1.01

1.23

Pos

Scapula

44

1.05

0.94

0.96

1.14

Iso

Humerus

43

0.94

0.97

0.88

1

Neg

Ulna

37

1.02

0.93

0.93

1.12

Iso

Radius

32

0.92

0.91

0.82

1.03

Iso

Metacarpus

33

0.85

0.45

0.63

1.08

Iso

Ilium

28

1

0.92

0.88

1.12

Iso

Ischium

29

1.14

0.94

1.02

1.26

Pos

Tibia

48

1.12

0.98

1.07

1.17

Pos

Metatarsus

41

1.08

0.94

1

1.17

Iso

Table 4.1: RMA Regression Data: The number of specimens, slope, R2, lower and
upper ends of the 95% confidence interval, and whether the ontogenetic trajectory is
isometric, negatively allometric, or positively allometric at the 95% confidence interval.
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Specimen
D2156-1
D2156-2
D2156-3
D2156-4
D2156-5
D2156-6
D2156-7
D2156-8
D2156-9
D2156-10
D2156-11
D2156-12
D2156-13
D2156-14
D2156-15
D2156-16
D2156-17
D2156-18
D2156-19
D2156-20
D2156-21
D2156-22
D2156-23
D2156-24
D2156-25
D2156-26
D2156-27
D2156-28
D2156-29

Skull
36.2
37.43
34.03
41.83
39.1
32.3
38.63
32.16
29.43
40.3
37
39.23
37.7
42
48.33
32.72
39.23
38.9
39.23
38.47
38.4
37.93
34.53
28.83
32.13

33.83
36.4

Scapula

Humerus

Radius
27.26

Ilium

Femur

Tibia

24.73
29.6
27.9

24.16
28.8

23
25.8
27.03

21.73

24
22.36
23.93

27.8
20.2

38.7

29.9
35.67

39.9
35.47

30.97

35.23

34.03

35.8

42.83

35.87
37.37

30.77
32.97

40.3

34.8

37

27.2
28.47

22.87

30.67

26.23

Table 4.2: Element lengths in DMNH D2156: All complete elements are listed with
complete skeletons highlighted in green.
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CHAPTER 5: Histologic examination of an assemblage of Psittacosaurus (Dinosauria:
Ceratopsia) Juveniles from the Yixian Formation (Liaoning, China)
Previously submitted as:
Zhao, B., Hedrick, B. P.*, Gao, C., Tumarkin-Deratzian, A. R., Zhang, F., Shen, C., and
Dodson, P. In Review. Histologic examination of an assemblage of Psittacosaurus
(Dinosauria: Ceratopsia) Juveniles from the Yixian Formation (Liaoning, China). The
Anatomical Record.
Abstract:
Psittacosaurus is one of the most abundant dinosaurs known, which allows for extensive
study of its growth and form. Previous studies have evaluated growth trajectories of
Psittacosaurus using bone histology. However, we present the first study of
Psittacosaurus comparative juvenile histology and describe the histology of
Psittacosaurus within its first year of life based on multiple sections taken from an
exquisite monospecific assemblage of juveniles from the Yixian Formation in Liaoning,
China. Specimens studied had femur lengths ranging from 30–36 mm. The juveniles
examined all have similar histologic patterns in the midshaft and metaphyseal regions
showing that there is limited plasticity in bone development in juvenile Psittacosaurus
and that all of the specimens in the assemblage were likely the same age. The
microstructure patterns are compatible with the hypothesis that Psittacosaurus was
precocial and that these juveniles were neonates. Based on comparisons with other
juvenile ornithischians, juvenile Psittacosaurus had a growth rate similar to Orodromeus,
slower than that of Maiasaura, Dysalotosaurus, or hadrosaurs consistent with small body
size. Our results support previous studies that demonstrated that the orientation of
vascular canals is likely not solely reflective of growth rate, but is also affected by
underlying biomechanical, structural processes. The number of theropods and
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sauropodomorphs that have been histologically studied dwarfs that of ornithischians.
More studies of ornithischian histology are necessary in order to better establish
phylogenetic trends in microstructure and to learn more about growth in this important
clade.

5.1. Introduction
The basal ceratopsian Psittacosaurus was first discovered in 1922 during the
Third Asiatic Expedition to Mongolia and was originally based on two well preserved
complete skeletons (Osborn, 1923; 1924a). Since this initial discovery, Psittacosaurus
has become one of the most abundant dinosaurs known with specimens from across Asia,
including China, Mongolia, Russia, and possibly Thailand (Buffetaut and Suteethorn,
1992; Sereno, 2010). The Yixian Formation in Liaoning, China is famous for the
excellent preservation of feathered avian and non-avian theropods, other dinosaurs,
plants, insects, fishes, non-dinosaurian reptiles, and mammals (See Xu and Norell, 2006
for review). The Yixian Formation is also one of the most abundant localities preserving
Psittacosaurus remains in both two and three dimensions (Hedrick and Dodson, 2013).
This includes a beautiful specimen of a larger Psittacosaurus individual preserved with a
number of smaller juveniles that are all approximately the same size (DMNH D2156)
(Meng et al., 2004; Hedrick et al., 2014a). Considering that Psittacosaurus is known from
such a large amount of complete material, it is a highly valuable taxon for answering
complex questions about dinosaur biology, especially considering that the majority of
named dinosaur species are based on single specimens (Dodson, 1990; Wang and
Dodson, 2006). Given the large sample size for Psittacosaurus from different ontogenetic
!

153!

stages, it has been possible to fully analyze a wide range of sizes of Psittacosaurus using
bone histology (Erickson and Tumanova, 2000; Erickson et al., 2009; Zhao et al., 2013;
2014).
Bone histology and skeletochronology provide insights into animal biology,
including growth rates, age of sexual maturity, and age of individuals (Sander, 2000;
Erickson and Tumanova, 2000; Erickson et al., 2009; Sander et al., 2011; Hedrick et al.,
2014b). Without bone histology, many of these important aspects of dinosaur life history
would remain unknown. Growth curves have been calculated for two species of
Psittacosaurus, P. mongoliensis and P. lujiatunensis (Erickson and Tumanova, 2000;
Erickson et al., 2009) and these data were further used to estimate life history and
survivorship curves for Psittacosaurus. More recent histologic analyses of Psittacosaurus
have identified growth trends potentially related to ontogenetic transitions from
quadrupedality to bipedality (Zhao et al., 2013). However, histologic variation across a
number of similarly sized Psittacosaurus from the same locality has not yet been
assessed nor has serial sectioning of juvenile long bones, which would allow for an
understanding of histologic variation across entire bones rather than just at the midshaft
region.
DMNH D2156 is an assemblage of articulated juvenile psittacosaurs associated
with a larger skull and partial postcranium (Meng et al., 2004; Hedrick et al., 2014a).
Since the range of variation in juvenile size is small (femur length: 30 – 36 mm), it is
possible to examine a number of Psittacosaurus specimens from the same assemblage
that were presumably the same age. Though developmental plasticity has been noted in
other dinosaurs (Sander and Klein, 2005; Klein and Sander, 2007), it does not appear to
!

154!

occur in Psittacosaurus (Erickson and Tumanova, 2000; Erickson et al., 2009; Zhao et
al., 2013). Hedrick et al. (2014a) hypothesized that the small psittacosaurs in the
assemblage were not embryonic on the basis that the ends of their long bones were well
defined (Horner and Makela, 1979) and the lack of eggshell material in and around the
assemblage. However, certain taphonomic factors allow for the preservation of bone
without the preservation of eggshells, as was the case for Bagaceratops juveniles from
the Iren Dabasu Formation (Dong and Currie, 1993). By analyzing the bone
microstructure, it is possible to qualitatively evaluate the stage of development of the
bone and check for the presence or absence of cartilage, which may allow inference on
whether the animals were embryonic or neonates, and whether they were precocial or
altricial (Horner et al., 2001; Hübner, 2012).
This study aims to (1) document the bone microstructure of Psittacosaurus within
its first year of life; (2) confirm that all of the juveniles preserved in DMNH D2156 are
approximately the same age; (3) understand variation in microstructure among different
similarly aged specimens and also within a single specimen; (4) determine whether the
specimens were embryonic or neonates; and (5) compare the early ontogeny of
Psittacosaurus with other juvenile dinosaurs that have been studied histologically,
including other psittacosaurs, to better understand basal ceratopsian growth.

Institutional Abbreviations: DMNH- Dalian Museum of Natural History, Dalian,
Liaoning, China. YPM- Yale Peabody Museum, New Haven, CT, USA.
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5.2. Materials and Methods
In order to analyze juvenile Psittacosaurus bone microstructure, five femora were
taken from the juvenile assemblage of DMNH D2156 for sectioning (Meng et al., 2004;
Hedrick et al., 2014a) (Figure 5.1). All specimens were preserved together in a single
block and were buried during the same depositional event (Hedrick et al., 2014a).
Hedrick et al. (2014a) generated a numbering scheme for the juveniles (Figure S1, Zhao
et al., in review) and the juvenile Psittacosaurus specimens chosen for sectioning
correspond to specimens 4, 9, 12, 16, and 17 using that scheme. These specimens were
chosen because they had relatively complete femora that were not overlain by other
specimens. The specimens were then redesignated A–E in this study for easier reference
(Figure 5.1) (A = 9, B = 4, C = 12, D = 16, E = 17). Prior to sectioning, all femora were
photographed and cast at the University of Pennsylvania Museum of Archaeology and
Anthropology. Casts were returned to the Dalian Museum of Natural History to be
reposited with DMNH D2156.
Femur A was missing both the proximal and distal ends and was the most poorly
preserved of the five femora. Therefore, the bone was cut longitudinally as there was no
way to establish the exact location of the midshaft for transverse sectioning (Figure 5.1).
Femora B, C, D, and E were cut transversely at the mid-diaphysis just distal to the fourth
trochanter (Figure 5.1). This is the location where dinosaur femora are usually sectioned
and allows for comparison with other studies (Sander, 2000; Erickson and Tumanova,
2000; Zhao et al., 2013). This is critical as it is apparent that different bones grow at
different rates based on whether or not the bone is weight bearing and due to differing
functional demands on bones (Hübner, 2012). This can affect microstructural patterns
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and age calculations (Horner et al., 1999). Femora B, C, and D were cut longitudinally
along their proximal and distal ends to evaluate the microstructure at the metaphyses
(Figure 5.1). Femur E was cut transversely at the proximal and distal ends for comparison
with the longitudinal sections made from femora A–D (Figure 5.1). Due to the small sizes
of the bones, all cuts were made using an Isomet 11-1180 low speed saw. Thirteen
individual slices were then mounted on 25 x 50 mm slides. Methods for thin sectioning
follow Chinsamy and Raath (1992), and the terminology follows Francillon-Vieillot et al.
(1990). Slides were viewed and imaged using a Nikon Eclipse 6600 Pol petrographic
microscope fitted with a Nikon DXM1200F digital camera.
Prior to sectioning, femora were measured using 300 mm Mitutoyo 500-173
digital calipers. Measurements were each repeated three times to verify each value to
within one tenth of a millimeter to reduce the possibility of measurement error. In order
to determine the age of each individual, femur length was plotted against age using data
from Erickson et al. (2009) (n = 26) and the additional femora in this study (n = 5) with a
reduced major axis regression (Table S1, Zhao et al., in review). This was done using the
custom gmregress function in MATLAB (Mathworks, 2012), which was written by
Antonio Trujillo-Ortiz (www.mathworks.com/matlabcentral). The percent of vascularity
was also calculated and compared to data published by Horner et al. (2001). The percent
of vascularity was calculated using custom code written for MATLAB (File S1).

5.3. Results
5.3.1. Microstructural Analysis
!
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The bone microstructure is variably preserved across the five bones and some
regions have undergone intense alteration obscuring variable degrees of the
microstructure. This is not uncommon in dinosaur taxa and has occurred in other small
ornithischians (Horner et al., 2009) as well as other Psittacosaurus specimens (Erickson
and Tumanova, 2000; Erickson et al. 2009). However, the microstructure is clear enough
on each bone to permit inferences, especially femora C, D, and E (Figure 5.2). The
alteration manifests as a dark brown or black infilling and is readily distinguishable from
the bone microstructure.
Femur A was particularly poorly preserved throughout both internally and
externally, lacking both its proximal and distal ends (Figure 5.2A). There is partial
histologic structure preserved along the midshaft showing primarily longitudinally
oriented canals (Figure 5.2A), as well as some structure on the distal end, similar to that
seen in other femora. However, the majority of the bone is massive with no apparent
structure due to diagenetic alteration and this bone is not discussed further in favor of the
better preserved femora.
The transverse section of femur B primarily has simple reticular vascular
organization with interspersed longitudinal, circumferential, and radial canals (Figure
5.3B). Based on the shape of the medullary cavity, it is evident that the bone has been
diagenetically compacted (Figure 5.3B). The long axis of the medullary cavity is twice as
long as the short axis in this femur, but in juvenile dinosaurs it is typically circular since
the specimens had not yet undergone cortical drift. The overall periosteal outline is still
circular, but the lower and left part of the section has a thicker cortex with radially
organized vascularization, suggesting faster growth. The upper part of the section shows
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the best organization with simple reticular or circumferential vascularization and a
thinner cortex suggesting that this region was growing relatively slowly (Figure 5.3B).
Though no fourth trochanter was preserved on this femur, it is clearly developed in some
similarly sized specimens (see femur D, Figure 5.1). Since this section was taken at
midshaft, it is likely that the faster growth is related to development of the fourth
trochanter as has been demonstrated for other taxa (Reisz et al., 2013).
Both the proximal and distal longitudinal sections of femur B have well preserved
histologic structure. The canals are longitudinally oriented and radiate outwards slightly
away from the midsection of the femur. The proximal end has clearly preserved structure
with longitudinal canals that open to the periosteal surface proximally (Figure 5.3C).
Horner et al. (2001) identified longitudinal canals in perinatal dinosaurs and posited them
to be cartilage canals; these are potentially homologous with the longitudinal canals
preserved in femur B. However, femur B does not appear to preserve any cartilaginous
structure as would be expected based on comparisons with Maiasaura long bones
(Horner et al., 2000) and the canals may simply be longitudinal vascular canals as
reported for juvenile birds (Tumarkin-Deratzian et al., 2006). The distal section is
diagenetically altered at the distal end so similar canals cannot be confirmed (Figure
5.2B).
The transverse section of femur C has simple reticular organization of vascular
canals on the left side of the bone, but is blown apart on the right side (Figure 5.2C). The
proximal longitudinal section is also poorly preserved. Close to the midshaft, there are
several longitudinal canals, but more proximally the preservation precludes comment.
The distal section is well preserved close to the midshaft. There are clear longitudinal
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canals that radiate outward as they go further distally similar to the longitudinal canals in
the longitudinal sections of femur B (Figure 5.2B). The canals appear as black lines
making them readily identifiable, especially towards the midshaft (Figure 5.2C).
However, the canals are lost half way down the distal section and are replaced by the
massive diagenetically altered structure that characterizes the proximal longitudinal
section.
Femur D has the best preserved transverse section. The medullary cavity is filled
with black and brown mineralized material that does not have any internal structure
similar to femora A – C. Unlike the transverse section of femur B, the medullary cavity
does not have a clear outline. It also has a long axis twice the length of the short axis
suggesting some postmortem crushing. The cortical bone has well preserved
microstructure across the section though the vascular patterns are not uniform throughout
similar to femur B (Figure 5.2B). The lower left of the section has clear radial
organization and this is the region with the thickest cortex (Figure 5.3A). The upper left
and lower right parts of the section have a combination of a simple reticular and
longitudinal vascularization (Figure 5.3A). The right part of the section has the thinnest
cortex and has a highly organized circumferential organization. As in femur B, the
development of the fourth trochanter is likely the cause of the radial organization and
thicker cortex in the lower left region.
The proximal longitudinal section of femur D has well preserved microstructure
along its entire length. The medullary cavity is completely mineralized and brown
making it readily identifiable. Toward the midshaft, there is a combination of radially and
longitudinally organized canals (Figure 5.3D). Approximately half way up the proximal
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section, the orientation of the canals becomes entirely longitudinal with the canals
radiating outward proximally similar to femora B and C. These canals exit the bone
proximally as in femur B (Figure 5.3C). The distal section is not well preserved. It is not
possible to identify the medullary cavity and no canals or microstructure can be
identified.
The midshaft of femur E is well preserved, though approximately 50% of the
lower and right outer cortex was diagenetically altered (Figure 5.2E). The organization
across the section is primarily simple reticular, though it grades to radial reticular in the
lower right part of the section similar to both femora B and D (Figure 5.3E). Also as in
femora B and D, the region with radial canals is the region with the thickest cortex.
Unlike the other transverse sections, the medullary cavity is filled with calcite and is
clearly defined.
Femur E is the only femur where transverse sections were taken along the
proximal and distal regions rather than just at the midshaft (Figures 5.1; 5.2E). The
proximal transverse section is diagenetically altered on the left side and well preserved on
the right side. The cortex is much thinner in the proximal section than in the midshaft and
the majority of the section is composed of trabeculae similar to Maiasaura tibial
proximal transverse sections (Horner et al., 2001, pg. 50). The outer cortex is along the
fringe of the section and is primarily composed of longitudinal canals (Figures 5.2E;
5.3F). A similar organization is seen in the distal section, though there is no diagenetic
alteration. The medullary cavity does not clearly differentiate from the outer cortex in
either the distal section or proximal section (Figure 5.2E).
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5.3.2. Age Determination
Erickson et al. (2009) developed an equation for calculating age based on femur
length in P. lujiatunensis with histologic data from 26 specimens. The equation given by
Erickson et al. (2009) was y = 0.0615 x – 1.9214. However, as pointed out by Myhrvold
(2013, 2014), age should have been used as the independent variable (x – axis) and femur
length should have been used as the dependent variable (y – axis). Reduced major axis
(RMA) regressions are preferred over ordinary least squares regressions when both axes
are subject to error (Sokal and Rohlf, 2011). Age has an associated variance considering
that the ages were obtained by retrocalculation (Castanet et al., 1993; Erickson et al.,
2009) and the age is inherently uncertain because LAGs only record ages to the nearest
year (assuming annual deposition of LAGs) so the actual age of the animal within that
year is unknown. Therefore, we recalculated Erickson et al. (2009)’s regression using an
RMA regression with age as the independent variable. This gave the equation y = 17.25 x
+ 23.31 with upper and lower confidence intervals (slope: 16.35 – 18.15; y-intercept:
19.82 – 26.79) at α = 0.05 (Figure 5.4; Table S1, Zhao et al., in review). Using either the
equation from Erickson et al. (2009) or the revised equation presented here, the DMNH
D2156 specimens in this study were less than 1 year old (RMA ages: 0.39 – 0.74,
Erickson et al. (2009) ages: -0.076 – 0.29).

5.4. Discussion
While the microstructure of Psittacosaurus appendicular bones has been
extensively studied, far fewer studies have focused on ornithischian histology as a whole
in comparison with either Theropoda or Sauropodomorpha (Figure 5.5). Only 16
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ornithischian genera have been examined from an appendicular histologic perspective. A
greater variety of taxa must be examined to determine potential phylogenetic trends in
histology for the clade. This study seeks to compare the juvenile microstructure of
Psittacosaurus with that of other ornithischians to increase further the number of taxa
that have been fully evaluated within Ornithischia. Although a number of adult
ceratopsian taxa have recently been examined histologically including Protoceratops
(Lee, 2007), Centrosaurus (Lee, 2007), and Pachyrhinosaurus (Erickson and
Druckenmiller, 2011), we confine our comparison to that of juvenile ornithischians since
juvenile microstructure and adult microstructure are not directly comparable.
A number of P. lujiatunesis specimens examined by Erickson et al. (2009) were
shown to be one year of age or younger (IVPP 14155, PKUVP V1058 (n = 2), LPM
R00142 (n = 4), LPM R00118). The Erickson et al. (2009) analysis focused primarily on
the establishment of life history and survivorship curves for Psittacosaurus rather than
the description of primary histologic structure through development. Zhao et al. (2013)
described Psittacosaurus microstructure across a growth series composed primarily of
juvenile and subadult specimens. Of their sixteen specimens, eleven were considered
subadults and three of these specimens (IVPP V16902.1, V16902.2, V16902.3) were
slightly smaller than our specimens. These individuals, like those in our study are likely
less than one year old based on the absence of LAGs and overall size. The other
specimens were all one year of age or older based on LAG counts from various limb
bones (Zhao et al., 2013). However, that study focused on ontogenetic postural shifts
rather than primary histologic description. In spite of these previous studies (Erickson
and Tumanova, 2000; Erickson et al., 2009; Zhao et al., 2013), the microstructure of
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small Psittacosaurus specimens has yet to be described in detail, and is here presented
based on serial sections of five small juveniles based on not only histology for the
midshaft region, but also for the metaphyses. This allows for inferences to be made about
1) variation between different similarly sized juvenile Psittacosaurus specimens from the
same locality; 2) variation within a single bone of juvenile Psittacosaurus; and 3)
comparison with previous studies that examined Psittacosaurus histology as well as
studies that examined juvenile dinosaur microstructure more generally.
The DMNH D2156 juveniles have little histologic variation across the five
specimens in bone microstructure, except in terms of preservation. In general, the
longitudinal sections all preserve well developed longitudinal canals that radiate slightly
outwards as they proceed away from the midshaft and continue to the metaphyses
(Figures 5.3D, F). The only exception is femur D, which has a combination of
longitudinal canals and radiating canals near the midshaft in longitudinal section (Figure
5.3D). However, these canals become longitudinally oriented proximally (Figure 5.2D).
A number of studies have previously examined juvenile ornithischian metaphyseal
histology including Maiasaura (Horner et al., 2000), Scutellosaurus (Padian et al., 2004),
and Orodromeus (Padian et al., 2004). A common finding in many metaphyseal sections
was calcified cartilage, especially in perinate material (Horner et al., 2001). Based on a
comparative archosaur study, Horner et al. (2001) found that turtles have large epiphyseal
cartilage cones with uncalcified, hypertrophied chondrocytes whereas Alligator has
calcified cartilage along the periphery of the cartilage cone. Birds (Struthio, Dromaius,
Sturnella) were shown to have large cartilage canals running into the metaphyses, with a
cartilage cone that ossified after hatching (Horner et al., 2000; 2001). Horner et al. (2001)
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also examined Orodromeus, Troodon, Maiasaura, and indeterminate hadrosaurs and
found what appear to be cartilage canals at the metaphyses. Horner et al. (2001)
examined proximal transverse sections of Maiasaura tibiae. Similar canals are readily
visible in the longitudinal sections taken from femora B and D (Figure 5.3C) and in the
transverse sections taken from femur E (Figure 5.3F). The longitudinal canals in femora
B and D seem to be much more proximally located than those in Maiasaura based on
longitudinal sections and it is evident that these canals did not extend very far from the
proximal end in Psittacosaurus and resembled the extent seen in Orodromeus (Horner et
al., 2001). However, no calcified cartilage was found in the canals precluding definitive
attribution of these canals to cartilage canals in the DMNH D2156 juveniles.
Horner et al. (2001) suggested that the relative size of the cartilage zones in
dinosaur perinates might be related to precocial versus altricial behavior. Both Troodon
and Orodromeus had relatively well formed metaphyseal surfaces in comparison with the
hadrosaurs examined suggesting that Orodromeus and Troodon may have been precocial
(Horner et al. 2001). Horner and Makela (1979) used the poor development of long bones
to infer altriciality for Maiasaura. The well developed metaphyseal surface, reduced
region for the longitudinal canals if identified as cartilage canals, and strong development
of structures such as the fourth trochanter and lesser trochanter in the DMNH D2156
juveniles (Meng et al., 2004) is similar to what has been found for Orodromeus and
Troodon. This suggests that Psittacosaurus had a similar degree of precociality to
Orodromeus and Troodon and the individuals in this study were probably neonates.
Evidence that the DMNH D2156 specimens are post-hatchlings comes from the lack of
eggshell remains at the site (Hedrick et al., 2014a), the morphological development of the
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bones (see Hedrick et al., 2014a, Figure 4.6), and now the histologic development of the
bones.
Variation in vascular canal orientation within the DMNH D2156 elements is
much more pronounced in the transverse sections than the longitudinal sections, but
overall variation is small between elements. All bones preserve the same general pattern.
Femora B, D, and E all preserve a combination of radial, circumferential, longitudinal,
and simple reticular canals (Figures 5.2; 5.3A, B, E). Padian et al. (2004) found
substantial variation in single sections of ornithopod dinosaurs as well. Erickson and
Tumanova (2000) reported only longitudinal canals for femora of P. mongoliensis
specimens of one year of age. However, the smallest animal sectioned by Erickson and
Tumanova (2000) was three years of age and the microstructure of ages 1 and 2 were
inferred from the microstructure near the medullary cavity in older animals. Two-year old
P. mongoliensis specimens were inferred to have a mixture of longitudinal, reticular, and
radiating reticular organization (Erickson and Tumanova, 2000), which is much more
similar to that of the DMNH D2156 femora. This discrepancy could be related to
interspecific variation in Psittacosaurus (P. mongoliensis versus P. lujiatunensis), or
could be due to slight miscalculations in the retrocalculated vascularization patterns.
After age 2, P. mongoliensis settled on a reticular vascular pattern and retained this
pattern between ages 3 and 6 until redeveloping a radial vascular pattern later in life
possibly related to varying local apposition rates due to osseous drift (Erickson and
Tumanova, 2000). This demonstrates that juveniles of P. lujiatunensis definitely had a
substantial amount of variation in a single section similar to that seen in two year old, and
possibly younger, specimens of P. mongoliensis.
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Other dinosaurs show vascular patterns different from what we found in DMNH
D2156. Padian et al. (2004) first hypothesized that smaller dinosaurs have slower growth
and thus less extensive vascularization than larger dinosaurs. Padian et al. (2004)
commented on the relative growth rate of Psittacosaurus based on its size using data
from Erickson and Tumanova (2000). However, juvenile Psittacosaurus growth was
unknown at that time. Scutellosaurus has mostly circumferential and longitudinally
oriented canals with little fibrolamellar bone and low vascularization (Padian et al.,
2004). The slightly larger, small ornithopod Orodromeus has primarily longitudinal
canals throughout its ontogeny and is less vascularized than other taxa (18% vascularity;
Table 5.1), but more so than Scutellosaurus (Horner et al., 2009). In contrast, Maiasaura
appears to have grown much faster than these other taxa (26–34% vascularity for
juveniles; Table 5.1) (Horner et al., 2000; Padian et al., 2004). Psittacosaurus (18%
vascularity; Table 5.1) likely grew at rates similar to Scutellosaurus or Orodromeus and
somewhat slower than Maiasaura and Dysalotosaurus (Hübner, 2012), which is in line
with the hypothesis that larger dinosaurs grew faster than smaller dinosaurs.
Margerie et al. (2002) demonstrated that a difference in osteon orientation is not
statistically significantly correlated with growth rate in Anas platyrhynchos and that the
differences in orientation may relate instead to biomechanical factors on the bone. Given
that all three well preserved Psittacosaurus femora in this study have a single region of
radial vascularization combined with a thickened cortex, it would appear that radial
organization in juvenile Psittacosaurus specimens is related to the development of the
fourth trochanter with a combination of simple reticular and longitudinal organization
dominating in other regions. A similar pattern is found in Orodromeus, Maiasaura, and
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Hypacrosaurus, but is less evident in Troodon (Horner et al., 2001), likely related to the
smaller fourth trochanter in theropods compared with ornithischians. Though this
hypothesis is supported by the work of Margerie et al. (2002), more work on extant
species will be needed to further test the hypothesis, possibly on the development of the
fourth trochanter in Alligator or the third trochanter in perissodactyls or primates.
Dinosaur embryos often have extensive vascularization that is open to the
periosteal surface (e.g. Sauropodmorpha indet., Theropoda indet., Maiasaura) (Horner et
al., 2001, Ricqles et al., 2001; Reisz et al., 2013). None of the Psittacosaurus specimens
examined as part of this study demonstrated vascularization open to the surface, except at
the metaphyses. Two ‘nestling’ stages were examined for Maiasaura (Horner et al.,
2000) allowing for a more detailed comparison with Psittacosaurus. The smallest animal
was represented by a single femur (YPM-PU 22432) and had a spongy bone matrix with
large vascular canals. The outermost vascular canals were open to the periosteal surface
and the vascular organization was not centripetally organized (Horner et al., 2000). The
larger nestlings have a cortex that is clearly differentiated from the marrow cavity as in
the DMNH D2156 psittacosaurs. The bone is densely vascular with woven bone making
up the matrix also similar to the DMNH D2156 juveniles. This suggests that the juveniles
in the DMNH D2156 assemblage were post-hatchlings as was likely the case for the
larger nestling stages of Maiasaura. Sauropodomorph embryos found with eggshell
material had asymmetric radial growth of the femoral shaft (Reisz et al., 2013) in very
small specimens, but a pattern similar to that seen in DMNH D2156 specimens in larger
specimens. The combination of different vascular orientations in addition to radial growth
in DMNH D2156 potentially suggests a slower growth rate, possibly related to a later
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ontogenetic stage as in the larger sauropodomorph specimens. Additionally, no Sharpey’s
fibers were evident in the DMNH D2156 sections. This may be due to poor preservation,
but Horner et al. (2000) did not find Sharpey’s fibers in perinatal Maiasaura specimens
(femur length = 70 mm) that had fully differentiated fourth trochanters. Maiasaura
regarded as larger nestlings (femur length = 120 mm) did have Sharpey’s fibers (Horner
et al., 2000). Petermann and Sander (2013) recently demonstrated that muscle insertions
were only detectable in 60% of thin sections of extant animals so the lack of Sharpey’s
fibers is not necessarily related to poor muscle development and may not be a valuable
criterion for defining whether a specimen is precocial or altricial, or whether it is a
neonate or embryo. These factors together suggest that the DMNH D2156 specimens are
ontogenetically older than the earliest Maiasaura and sauropodomorph specimens
(Horner et al., 2001; Reisz et al., 2013). A potential issue with this interpretation is that
Maiasaura has been interpreted as altricial (Horner and Makela, 1979; Horner and
Weishampel, 1988) while Psittacosaurus is here interpreted as more likely precocial,
similar to Orodromeus and Troodon (Horner et al., 2001). The evaluation of ontogenetic
stages in juvenile dinosaurs is complicated by the fact that the same characteristics that
suggest a particular animal is a neonate also suggest that it is precocial. An embryonic
precocial animal close to hatching may resemble an older altricial animal that was posthatching. Therefore it is necessary to treat these conclusions with caution. More work on
extant animals will be needed in order to better define the histologic factors that define
embryos and neonates as well as altriciality and precociality so that they can be better
applied to fossil taxa.
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Jiang et al. (2014) hypothesized that the Lujiatun animals were caught in
pyroclastic flows resulting in the excellent preservation of fossils from the Lujiatun beds.
This hypothesis was supported by the fact that a number of animals from the Lujiatun
beds that Jiang et al. (2014) examined histologically had modifications to their periosteal
surface as a result of burning including pits, cracking, and elimination of microstructure
close to the periosteal surface (see supplemental figure 20 of Jiang et al., 2014). Based on
the previous evidence, Hedrick et al. (2014a) could not refute the hypothesis that DMNH
D2156 was preserved in a pyroclastic flow, but preferred a lahar or fluvial flow due to
mineralogical indicators. The lack of scorch marks or modifications to the periosteal
surface of any DMNH D2156 specimen examined as a part of this study further supports
the lahar or fluvial mode of deposition for the assemblage rather than the pyroclastic flow
mode.

5.5. Conclusions
The large number of Psittacosaurus specimens provides an excellent opportunity
to study dinosaur biology, exemplified by specimens such as DMNH D2156. By
examining five juvenile Psittacosaurus femora from DMNH D2156, it was possible to
evaluate the microstructure of similarly sized juvenile animals all living closely together
that were possibly from the same clutch (Meng et al., 2004) and compare it with that of
other juvenile dinosaurs for which bone microstructure has been studied. The
Psittacosaurus specimens all have similar microstructural patterns suggesting limited
developmental plasticity in the taxon and that all of the juveniles in DMNH D2156 were
the same age. The microstructural patterns including the lack of calcified cartilage in the
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metaphyses, the development of the fourth trochanters, and well-defined ends of the long
bones suggest that the animals were neonates and possibly precocial (Hedrick et al.,
2014a). In general, Psittacosaurus had microstructural patterns and a percentage of
vascularization similar to Orodromeus, but dissimilar to Maiasaura and hadrosaurs
(Horner et al., 2001). Finally, we were able to support previous studies (Hedrick et al.,
2014a) that suggested DMNH D2156 was buried in either a fluvial or lahar flow rather
than a pyroclastic flow based on the lack of modification to the microstructure near the
periosteal surface. Ornithischia is one of the two main dinosaurian clades, but is far less
studied than Saurischia in terms of bone histology. Given the panoply of information that
can be garnered from paleohistology studies with regard to animal biology, we hope that
more workers will examine ornithischian paleohistology to unravel more about this
important clade.
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Figure 5.1: DMNH D2156 in dorsal view showing the original locations of the femora in
the assemblage with close ups of each femur (A–E). The femora were not photographed
in a uniform view, but with the prepared side facing forward. The red lines along each
femur show the locations where each section was taken. (A) Femur A sectioned
longitudinally. (B) Femur B sectioned longitudinally on the proximal and distal ends and
transversely at midshaft. (C) Femur C sectioned longitudinally on the proximal and distal
ends and transversely at midshaft. (D) Femur D sectioned longitudinally on the proximal
and distal ends and transversely at midshaft. (E) Femur E sectioned transversely at the
midshaft, proximally, and distally. Scale for block = 100 mm. Scale for femora = 25 mm.
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Figure 5.2: Overview showing bone microstructure of each section taken in crosspolarized light. Letters A–E correspond to figure 5.1. Black boxes correspond to close-up
photomicrographs in figure 5.3 and arrows correspond to the up-direction in close-up
images.
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Figure 5.3: Close up images of bone sections: (A) Femur D showing radially oriented
canals in the region with thick cortex grading to reticular canals in the region with the
thinnest cortex. (B) Simple reticular and circumferentially oriented canals in femur B.
The regions with these vascular patterns have a thin cortex in comparison with the lower
part of the image. White bracket shows cortex thickness in the reticular canal region. (C)
Longitudinal canals, possibly cartilage canals, in the proximal region of femur D opening
to the proximal periosteal surface. Proximal is left. Red arrows point to individual canals.
The black box outlines one of these canals to demonstrate their extent. (D) Longitudinal
proximal section of femur D near the midshaft showing a combination of radial and
longitudinal canals. (E) Reticular canals in the region with the thinnest cortex of femur E.
(F) The proximal section of femur E showing trabeculae and longitudinally oriented
canals, which may be cartilage canals. MC = medullary cavity. Scale = 200µm for all
images. Images all taken in cross-polarized light at 40x. Up is proximal for all figures
except 3C where proximal is left.
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Figure 5.4: Modification of the growth curve established for P. lujiatunensis by Erickson
et al. (2009) with the individuals included in this study and the use of an RMA regression
with age as the independent variable. Confidence intervals for the slope and y-intercept
are inset.
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Figure 5.5: Ornithischian phylogeny including only taxa that have been histologically
examined. The phylogeny was constructed by compiling trees from studies that included
each animal: Orodromeus (Brown et al., 2013), Tenontosaurus, Dryosaurus,
Dysalotosaurus (McDonald et al., 2010), Maiasaura (Prieto-Márquez and Wagner,
2013), Hypacrosaurus, Edmontosaurus (Prieto-Márquez et al., 2012), Psittacosaurus,
Protoceratops (Ryan et al., 2012), Avaceratops, CPC 274, Pachyrhinosaurus,
Centrosaurus (Rivera-Sylva et al., in review), Scutellosaurus, Stegosaurus, and
Kentrosaurus (Maidment et al., 2008). Einiosaurus, Centrosaurus, Utahceratops, and
Kosmoceratops have recently been studied as part of masters’ theses, but this information
has yet to be formally published (Reizner, 2010; Levitt, 2013). Dots correspond to named
nodes, Ornithischia (orange), Cerapoda (green), Ornithopoda (red), Ceratopsia (blue), and
Thyreophora (yellow). The cladogram demonstrates the need for more histologic studies
of ornithischian dinosaurs.
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Taxa
Alligator
Maiasaura
Turtle
Alligator
Psittacosaurus
Orodromeus
Troodon
Maiasaura
Meadowlark
Ostrich
Lambeosaurine
Emu
Maiasaura
Hypacrosaurus
Lambeosaurine

Element

Length (mm)

% Vascularity

Vascular Index

Femur
Tibia
Tibia
Femur
Femur
Femur
Femur
Femur
Tibia
Tibia
Femur
Tibia
Tibia
Femur
Femur

110
430
5
17
31
15
35
125
18
82
130
60
55
85
50

4
10
12
14
18
20
26
26
29
30
30
32
34
35
36

27.50
43.00
0.42
1.21
1.72
0.75
1.35
4.81
0.62
2.73
4.33
1.88
1.62
2.43
1.39

Table 5.1: Vascularity of Psittacosaurus in comparison with other animals. All animals
except Psittacosaurus from Horner et al. (2001). The majority of these animals are
juveniles though several are adults (Maiasaura tibia) demonstrating decreased vascularity
through ontogeny.
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CHAPTER 6: Summary and Conclusions
6.1. Summary
In this thesis I expanded knowledge of the biology and taphonomy of the basal
ceratopsian, Psittacosaurus, using a variety of quantitative techniques. First, I evaluated
the impacts of taphonomic deformation on geometric morphometric studies of fossils
using Psittacosaurus as a model and attempted to parse out biologic shape information
from taphonomic shape information (Chapters 2 and 3). These studies demonstrate that
taphonomic deformation, not biologic shape, is often recovered in geometric
morphometric analyses, and can cause false separation between specimens in shape
space. Second, I evaluate an exquisite bonebed assemblage of juvenile Psittacosaurus
preserved with a subadult specimen (Chapters 4 and 5). Using a plethora of techniques
including traditional morphometrics, x-ray diffraction, primary osteologic description,
sedimentary petrography, and bone histology, I examined the bonebed assemblage and
drew conclusions about the morphology and ontogeny of Psittacosaurus as well as the
factors leading to the exceptional preservation of the specimen. I have not only uncovered
a substantial amount of new information about Psittacosaurus and basal Ceratopsia in
general, but also established the impacts and magnitudes of taphonomic deformation on
fossil shape studies and developed a technique for measuring taphonomic deformation in
geometric morphometric studies. Therefore, the results of this thesis extend beyond
dinosaur paleobiology and into all of vertebrate paleobiology and the field of geometric
morphometrics.
First, I examined Psittacosaurus crania (Chapter 2) and postcrania (Chapter 3) in
order to identify any potential biologic intraspecific or ontogenetic shape trends using
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two-dimensional and three-dimensional geometric morphometrics. However, the data
indicate that plastic deformation during taphonomy has obscured biologic shape trends.
In Chapter 2, I applied 3D geometric morphometric analysis to dinosaur skulls and
demonstrated (1) that the majority of shape differences seen in an intraspecific sample of
Psittacosaurus are related to taphonomic deformation rather than to true differences in
their biologic shape; (2) that many of the characters previously used to separate
Psittacosaurus species result from taphonomic deformation, not from genuine biologic
diversity; and (3) that skull shape and character distribution in Psittacosaurus often lie
along a continuum of traits rather than being discrete character states that accurately
separate species. Many dinosaur taxa have been erected on the basis of a single specimen.
This study of Psittacosaurus, a dinosaur known from a large number of individuals,
points out that some characters currently distinguishing taxa may be intraspecifically
variable, and simply represent one point on a gradational continuum of features rather
than being a trait that distinguishes that taxon from all other taxa. Though the study
reported in Chapter 2 firmly identified the issue of taphonomic deformation in geometric
morphometric studies, it did not provide a quantitative evaluation of the impact of
taphonomic deformation on biologic shape information.
In Chapter 3, I directly quantified the amount of taphonomic modification to
biologic shape data using the difference in fluctuating asymmetry (random left – right
asymmetry) between a fossil taxon (Psittacosaurus) and a modern undeformed taxon
(Buteo) to tease out the magnitude of taphonomic modification. Based on a multi-factor
ANOVA, where fluctuating asymmetry was used as a factor, I found that left – right
asymmetry accounted for up to 45% of total shape variation in Psittacosaurus, and that
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the fossil taxon had up to 30% more fluctuating asymmetry than Buteo. Given that
taphonomic deformation can account for up to 30% of shape information in geometric
morphometric studies, and that it can drive the morphospace occupation identified using
exploratory dimension reduction analyses such as principal components analysis
(Hedrick and Dodson, 2013), it is critical that future studies account for taphonomic
deformation in geometric morphometric studies of fossils and do not simply interpret all
information identified in a morphometric study as being related to biologic shape
information.
In Chapter 4, I examined a small bonebed assemblage of twenty-four similarly
sized Psittacosaurus juveniles with a larger skull. As part of the analysis, I (1) provided
the first qualitative description of Psittacosaurus juvenile morphology based on a large
sample size of over thirty specimens expanding upon previous analyses that described
juvenile Psittacosaurus morphology based on a much smaller number of specimens of P.
mongoliensis (Coombs, 1980; 1982; Sereno, 2010); (2) showed that while the larger
Psittacosaurus in the bonebed assemblage is a part of the bonebed block, and was
deposited at the same time and in the same place as the younger individuals (contra Zhao
et al., 2014), it is likely a subadult rather than an adult and may not have been sexually
mature (based on growth curves from Erickson et al., 2009); (3) showed that based on the
available information concerning the stratigraphic location of the bonebed assemblage,
the deposit cannot be termed a nest, but rather is likely to be a depositional accumulation
derived from fluvial or lahar flows; and (4) determined that, although many of the long
bone and girdle elements grew isometrically with respect to the femur, the forelimb was
growing more slowly than the hindlimb. This supports the hypothesis of Zhao et al.
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(2013) that psittacosaurs may have had an ontogenetic postural shift from quadrupedality
to bipedality.
Finally, in Chapter 5 I examined the bone histology of a number of the younger
individuals in the bonebed assemblage described in Chapter 4. It was important to
examine these young animals histologically in order to confirm whether or not all of the
juveniles preserved together were approximately the same age. Study of these associated
individuals allowed a greater understanding of the variation in microstructure between
and within dinosaurs of a single species that are of similar biological age. I determined
that the juveniles were neonates and not embryonic, and compared the early ontogeny of
Psittacosaurus with that of other very young juvenile dinosaurs that have been examined
histologically. All of the Psittacosaurus juveniles studied have similar overall
microstructure, although the variation within a single histologic section was often large.
These variations in histology likely relate to different biomechanical pressures on the
bones of the young animals, specifically the development of the fourth trochanter.
Finally, by quantifying vascularization percentage and comparing vascular patterns to
other juvenile dinosaurs, I showed that Psittacosaurus grew at a rate similar to that seen
in other small dinosaurs, supporting Padian et al. (2004)’s hypothesis that small dinosaurs
grew more slowly than larger dinosaurs.
This thesis has the primary purpose of demonstrating the amount of information
that can be garnered about dinosaurian growth and form through the thorough study of a
single fossil taxon, using the dinosaur Psittacosaurus as a model. I demonstrated that
there are limitations to geometric morphometric studies when applied to fossils, which
result from the impacts of taphonomic deformation of the bones, and quantified the
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amount of shape information that can be attributed to taphonomic using fluctuating
asymmetry in a new capacity. I then evaluated a bonebed assemblage of Psittacosaurus
juveniles using a number of techniques including traditional morphometrics,
morphological description, taphonomic analysis, x-ray diffraction, petrographic thin
sectioning, and histologic thin sectioning. Through these techniques, I was able to
provide insight into Psittacosaurus growth and form, as well as the limitations of
geometric morphometrics in fossil studies.

6.2. Implications and future prospects
One of the primary implications of this thesis is that taphonomic deformation has
a strong impact on fossil studies of all kinds, including those that incorporate geometric
morphometrics. Given the large amount of variation in shape in fossil samples that can be
attributed to taphonomy, it is difficult to accurately interpret biologic information when
using geometric morphometrics. A number of retrodeformational techniques have been
developed to attempt to account for taphonomic modifications to shape (Cooper 1990;
Motani 1991; Hughes and Jell 1992; Ponce de León and Zollikofer 1995; Ogihara et al.
2006; Srivastava and Shah 2006), but though these techniques reconstruct bilateral
symmetry, they do not reliably reconstruct the original shape of the specimen
(Angielczyk and Sheets 2007; Tschopp et al. 2013). Given that taphonomic deformation
accounts for up to 30% of shape information in Psittacosaurus, it cannot be assumed that
restoring bilateral symmetry allows for a reconstruction of true shape.
Though this thesis displays a number of limitations to paleontological studies,
particularly with regard to geometric morphometrics, it does not assume to provide
!

182!

completed work on the topics herein. The impact of taphonomy on fossil shape studies
has thus far only been examined through a single taxon, Psittacosaurus (Hedrick and
Dodson, 2013; Hedrick et al., in review). In order to determine a general rule for the role
of taphonomy in geometric morphometric studies of fossils, a number of follow-up
studies are necessary. First, it is necessary to examine variation in shape space at the
generic level. Intraspecific samples such as those examined here (Chapters 2 and 3) have
limited variation in comparison with intergeneric studies that encompass a wide variety
of different taxa. It is possible that there is enough biologic shape difference between
different species and different genera that true biologic separation in morphospace would
be possible. Second, Chapter 3 evaluated the magnitude of taphonomic modification to
shape based on a single taxon from a single locality at a single time interval. The specific
percentage of total variation here presented as being due to taphonomic variation is
therefore questionable. This is especially problematic as a non-volant dinosaur
(Psittacosaurus) was compared to a volant dinosaur (Buteo). This difference in
locomotory mode may affect asymmetry. This hardly implies a general rule for the
effects of taphonomic magnitude on geometric morphometric studies and more work will
be necessary in order to generalize the current trends.
In order to evaluate the first point, I plan to examine a wide range of basal
ceratopsian taxa including multiple species of Psittacosaurus. The datasets in Chapters 2
and 3 were kept to a single species, P. lujiatunensis, in order to eliminate interspecific
variation in shape. However, by expanding the dataset to include a number of other
Psittacosaurus species that are complete enough to be included in a morphometric study
(e.g., P. mongoliensis, P. meileyingensis, P. gobiensis, P. sibiricus) (Sereno, 1987; 2010;
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Sereno et al., 1988; Averianov et al., 2006; Sereno et al., 2009), it may be possible to
tease out interspecific variation in the dataset. However, if all of these separate species
fall within the current P. lujiatunensis morphospace, it will demonstrate that interspecific
shape variation is not strong enough to overcome the impact of taphonomic deformation
on shape and that taphonomic deformation still drives morphospace occupation at the
interspecific level. By including other basal ceratopsian genera (e.g., Yinlong,
Archaeoceratops, Auroraceratops, Protoceratops) (Brown and Schlaikjer, 1940; Dong
and Azuma, 1997; You et al., 2003; You et al., 2005; Xu et al., 2006), it will be possible
to determine whether intergeneric variation has the potential to overcome taphonomic
modification in morphospace. By including ‘species’ or ‘genus’ as factors in a multifactor ANOVA along with fluctuating asymmetry, it will be possible to determine the
magnitude of difference and statistical significance of individual variation, interspecific
variation, or intergeneric variation.
To evaluate the second point, I will examine a range of taxa that were buried in
different substrates (e.g., sandstone, mudstone), at different time periods (e.g., Cenozoic,
Mesozoic, Paleozoic), and with a variety of body sizes to allow for the formulation of a
generalizable rule about the effects of taphonomic deformation on fossil geometric
morphometric studies. Examining specimens in the context of different substrates allows
for the evaluation of whether or not substrate type has a significant impact on the amount
of deformation, for example thinly laminated shale beds in comparison with limestone.
By evaluating the amount of deformation in terms of years before present, it will be
possible to determine whether geologically younger specimens, which have had less time
to be deformed, are in fact statistically significantly less deformed than older specimens.
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Finally, looking at specimens in terms of body size and element shape will allow for
evaluation of whether large, robust elements are less likely to undergo extensive plastic
deformation than smaller, thin elements. A large dataset of extant animals with a large
phylogenetic and size range will also need to be generated in order to determine the
normal range of asymmetry in modern animals. Current studies in fluctuating asymmetry
have primarily been limited to small animals. The evaluation of asymmetry in large
modern animals will potentially allow for a more accurate comparison with large
dinosaurs. Though there are still numerous directions for this research to be pursued, this
thesis provides a first examination of the complex problem of taphonomic modification
of fossil shape and provides methods by which to further evaluate this problem.
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